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Abstract 
 
The global area planted to Bt crops covered over 66 million hectares in 2011. Insect 
resistance management (IRM) is implemented to protect the efficacy of commercial transgenic 
crops expressing Bacillus thuringiensis toxins because the benefits of the pest susceptibility to Bt 
toxins is considered as a common good. Simulation models have helped guide the USEPA’s 
regulatory decisions on the IRM requirements of both Bt cotton and Bt corn plant-incorporated 
protectants (PIPs) since the late 1990s. For my dissertation research, I built four species-specific, 
simulation models to study the evolution of resistance by four insect pests of corn or cowpea to 
transgenic crops to 1) forecast the durability of traits in transgenic crops, 2) study the effects of 
biological, ecological factors on resistance evolution, 3) investigate potential concerns in the use 
of transgenic cowpea for controlling an insect pest of stored products, and 4) provide simulation 
models for future research in IRM. 
A mathematical model with processes reflecting larval mortality resulting from feeding 
on cross-pollinated ears or Bt ears of corn was used to analyze the risk of evolution of Cry-toxin 
resistance in Ostrinia nubilalis. In the simulations, evolution of resistance was delayed equally 
well by both seed-blend and block refuges with the same proportion of refuge. The results 
showed that Bt-pollen drift has little impact on the evolution of Bt resistance in O. nubilalis. 
However, low-toxin expression in ears of transgenic corn can reduce the durability of transgenic 
corn expressing single toxin, while durability of pyramided corn hybrids is not significantly 
reduced. The toxin-survival rate of heterozygous larvae in Bt-corn ears expressing one or two 
proteins has more impact on evolution of Bt resistance in O. nubilalis than the parameters related 
to larval movement to Bt ears or the toxin-survival rate of the homozygous susceptible larvae in 
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Bt ears. Bt resistance evolves slower when toxin mortality is distributed across the first two 
larval stadia than when only the first instars are susceptible to Bt toxins. The study suggested that 
stakeholders should examine toxin-survival rates for insect pests and take into account that 
instars may feed on different parts of Bt corn. 
An emergence delay and female-skewed-sex-ratios among adults of Diabrotica virgifera 
virgifera LeConte (Coleoptera: Chrysomelidae) from Bt corn have been reported in field studies. 
A simulation model was used to study the effect of a maturation delay and a female-skewed-sex-
ratio for D. v. virgifera emerging from Bt corn on the evolution of Bt resistance. Early 
emergence of resistant beetles from Bt corn accelerates evolution of Bt-resistance; however, an 
emergence delay among resistant beetles from Bt corn slows resistance evolution.  A shift in the 
time of emergence for homozygous-susceptible beetles from Bt corn does not have a significant 
effect on the evolution of Bt-resistance in D. v. virgifera. Resistance to Bt evolves faster when 
males are more susceptible to Bt toxins than females. This simulation study suggested that an 
emergence delay for beetles in Bt corn is not a major concern for managing resistance by D. v. 
virgifera to single-toxin or pyramided-Bt corn. 
The cowpea weevil, Callosobruchus maculatus F. (Coleoptera: Bruchidae), can cause up 
to 100% yield loss of stored cowpea seeds, Vigna unguiculata (L.) Walp, in a few months in 
West Africa. Genes expressing toxins delaying insect maturation (MDTs) are available for 
genetic engineering. A simulation model was used to investigate the possibility of the use of 
MDTs to manage C. maculatus. Specifically, I studied the effect of transgenic cowpea 
expressing a MDT, an insecticide, or both, on the evolution of resistance by C. maculatus at 
constant temperature. Transgenic cowpea expressing a non-lethal MDT causing 50% maturation 
delay did not prevent 98% yield loss by C. maculatus for one year. Transgenic cowpea 
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expressing a lethal MDT causing 50% maturation delay and 90% mortality protected 80% of 
yield for one year at 25°C, but its durability was only three years. Mortality caused by a 
maturation delay improves the efficacy of transgenic cowpea expressing only a lethal MDT, but 
significantly reduces the durability of transgenic cowpea if the heterozygotes at the locus 
controlling resistance to a lethal MDT survive more than the homozygous susceptible 
individuals. I concluded that transgenic cowpea expressing only a MDT has little value for 
managing C. maculatus. The resistance by C. maculatus to transgenic cowpea expressing only an 
insecticide rapidly evolves. Stacking a gene expressing a non-lethal MDT and a gene expressing 
an insecticide in transgenic cowpea did not significantly improve the durability of an insecticide, 
but stacking a gene expressing a lethal MDT and a gene expressing an insecticide in transgenic 
cowpea significantly improved the durability of an insecticide and a MDT. 
Major resistance alleles to Cry1Ab corn in the sugarcane borer, Diatraea saccharalis (F.)  
(Lepidoptera: Crambidae), were first detected in a field population in northeast Louisiana in 
2004, and the estimated frequency of the resistance allele was 0.0177 in populations in Louisiana 
in 2009. I used a demographic model to study the evolution of resistance by D. saccharalis to 
transgenic corn expressing one or two Bt proteins. The effects of biological and agricultural 
factors on resistance evolution were studied by using sensitivity analyses to improve insect 
resistance management strategies for D. saccharalis. An increase in the proportion of refuge did 
not always improve the durability of Bt corn if there were sugarcane, sorghum, or rice in the 
agro-ecosystem. The evolution of Bt-resistance accelerated when larvae entered diapause for 
overwintering early. A low frequency of inter-field movement of moths delayed the evolution of 
resistance to single-protein or pyramided-Bt corn when the proportion of refuge was 20%, but it 
accelerated Bt-resistance evolution when the proportion of refuge was 50%. 
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My modeling studies focused on preventative IRM programs for major insect pests of 
corn or cowpea, and identified challenges in managing insect resistance to transgenic crops. The 
three major challenges were 1) low susceptibility of insect pests to Bt toxins expressed in single-
toxin-Bt corn, 2) lack of alternative IRM strategies, and 3) lack of knowledge about the biology 
and behavior of an insect pest. 
Complexity in designing IRM strategies has increased as the number of plant-
incorporated protectants (PIPs) targeting insect pests in the field has increased. IRM programs 
need to adapt to changes in Bt crop technology and be based on an understanding of the factors 
influencing the evolution of resistance. Over the past 15 years, EPA has made changes to the 
IRM requirements of Bt PIP products and the regulatory policy to strengthen the refuge 
requirements, resistance monitoring, and compliance assurance programs. The challenge for a 
risk manager is how to balance the need to maintain the pest susceptibility, the cost of 
compliance with IRM requirements, willingness of the growers to comply with the IRM 
requirements, and environmental benefits. The economics of the crop production system should 
be considered for IRM strategies over a long term. Thus, IRM and integrated pest management 
(IPM) should be considered together because robust IRM strategies are complemented by good 
IPM. Implementing principles of IPM will reduce unnecessary exposure of PIPs in insects, 
which will improve the management of the pest susceptibility to PIPs. 
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CHAPTER 1: INTRODUCTION 
This chapter shows the important background information on my modeling studies and 
the objectives of my modeling studies. 
 
Transgenic Crops and IRM 
Transgenic crops expressing Bacillus thuringiensis (Bt) toxins were planted on over 66 
million hectares worldwide in 2011 (James 2011). Bt corn has been adopted by farmers in the U. 
S. and elsewhere (Baum et al. 2004). Current insect pest management that relies heavily on the 
use of Bt crops (Haq et al. 2004) has contributed to effective control of key pests and reduced 
use of conventional insecticides (Carrière et al. 2001, Huang et al. 2005). 
Insect resistance management (IRM) has been implemented with commercialization of Bt 
crops because of the benefits of the pest susceptibility to Bt toxins is considered as a common 
good (PPDC 1996). The United States Environmental Protection Agency (EPA) requires IRM 
programs for Bt plant-incorporated protectants (PIPs) (USEPA 2001). Major IRM strategies for 
insect pests of Bt crops are 1) refuges of non-Bt host plants, 2) high-dose events of Bt crops, and 
3) pyramiding of multiple genes expressing Bt toxins (Gassmann and Hutchison 2012). During 
the last 16 years of using Bt crops, population responses of insect pests to Bt crops varied. 
European corn borer (Hutchison et al. 2010), Ostrinia nubilalis Hübner (Lepidoptera: 
Crambidae), pink bollworm (Tabashnik et al. 2006), Pectinophora gossypiella Saunders 
(Lepidoptera: Gelechiidae), and tobacco budworm (Blanco 2012), Heliothis virescens Febricius 
(Lepidoptera: Noctuidae) have been successfully controlled by Bt crops. However, the western 
corn rootworm (Gassmann et al. 2011), Diabrotica virgifera virgifera LeConte (Coleoptera, 
Chrysomelidae), genus Helicoverpa (Luttrell and Jackson 2012, Downes and Mahon 2012), 
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sugarcane borer (Huang et al. 2007), Diatraea saccharalis Febricius (Lepidoptera: Crambidae), 
and fall armyworm (Storer et al. 2010), Spodoptera frugiperda (J. E. Smith) (Lepidoptera: 
Noctuidae), demonstrated significant field-evolved resistance to Bt crops. 
 
Importance of IRM as a Part of Integrated Pest Management (IPM) 
Without the support of effective IPM programs, attempts to reduce the selection on 
susceptible insects might simply lead to more damage by the pest with subsequent reduction in 
compliance with IRM regulations by stakeholders (Onstad 2008). Thus, pest densities and pest 
damage should be considered in IRM strategies as much as they are considered in IPM (Onstad 
et al. 2011). Therefore, IRM must be considered as a part of IPM (Croft 1990, McGaughey and 
Whalon 1992, Glaser and Matten 2003, Onstad 2008).  
All aspects of IRM can be incorporated into IPM strategies by combining population 
genetics from IRM with focus on economic efficiency and environmental stewardship from IPM 
and formally considering the spatial dynamics of the pest in a large region for a multi-year time 
period (Onstad 2008). IRM within the context of IPM is based on four factors (McGaughey and 
Whalon 1992): (1) diversification of causes of mortality so that a pest is not selected by a single 
mechanism, (2) reduction of selection pressure for each mortality mechanism, (3) maintenance of 
a refuge or immigration to promote mixing of susceptible and resistant individuals, and (4) 
prediction using monitoring and models. Both IPM and IRM perspectives generally oppose pest 
eradication activities (Onstad 2008). 
Although IRM is more effective when it is incorporated into IPM, incorporating IRM into 
IPM may not always be easy if stakeholders and scientists view the goals of IPM and IRM as 
separate issues (Onstad 2008). 
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Block Refuge VS Seed Blend Refuge 
When companies produced corn hybrids expressing one toxin during the first phase of 
transgenic Bt corn technology (1995-2008), the primary IRM strategy used a block of non-Bt 
plants to provide a refuge for producing susceptible or non-selected insects (Onstad et al. 2011). 
During the second phase of the technology (2008-present), when companies produced corn 
hybrids expressing multiple toxins, seed blend refuge was implemented (Onstad et al. 2011). 
With seed blend refuge, growers purchase a bag of seed containing mostly insecticidal crop with 
a small portion of non-Bt crop seed, and the refuge is randomly planted within the field (Onstad 
et al. 2011). 
Neither block refuges nor seed blend refuges are clearly superior with respect to IRM and 
IPM (Onstad et al. 2011). Plants in a block refuge can be easily located and monitored, but  
refuge plants in a seed blend cannot be distinguished from other plants without the use of 
protein-specific test strips (Onstad et al 2011); pest monitoring is more difficult with seed blends 
and that seed blends may make IRM riskier. In general, block refuges minimize differential 
selection due to larval movement from Bt to non-Bt plants but have disadvantage regarding 
mating of susceptible insects from refuges with heterozygotes from Bt crop blocks (Onstad and 
Gould 1998). In other words, the more that a pest species moves as larvae or adults the more 
valuable block refuges are. 
Compliance with IRM requirements has declined since 2006. In 2009, compliance levels 
of Canadian farmers were only 61%. Block refuge requirements reduce the convenience of 
planting Bt corn and increase planning and planting time, which might contribute to the low 
compliance levels of farmers who value convenient and time-saving technologies (Carpenter and 
Gianessi 2001, Marra et al. 2004, Fernandez-Cornejo et al. 2002 & 2005). Seed blend refuges 
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will make compliance more convenient, but increasing complexity of IRM requirements may 
continue lowering compliance rates (Onstad et al. 2011). 
  
Cross-pollination by Bt Pollen 
Cross-pollination is an issue that must be addressed for seed-feeding pests, particularly 
when seed blends are deployed. Pollen-mediated gene flow up to 31m from Bt corn caused low 
to moderate Bt toxin levels in kernels of non-Bt corn refuge plants (Chilcutt and Tabashnik 
2004). Bt toxin expression in non-Bt corn kernels fertilized by Bt corn pollen may affect Bt 
resistance evolution in several lepidopteran ear-feeding pests in North America (e.g. O. nubilalis; 
H. zae; western bean cutworm, Striacosta albicosta (Smith); S. frugiperda; and D. saccharalis). 
The field study by Burkness et al. (2011) showed that crosses with maternal Bt corn plants lead 
to low levels of survival for O. nubilalis, and H. zae, compared to the non-Bt × non-Bt cross. 
However, the cross between non-Bt corn ears and Bt corn pollen led to survival rates of 0.43 and 
0.63 for O. nubilalis and H. zae, respectively. 
Considering the knowledge of corn pollen movement (Pleasants et al. 2001, Goggi et al. 
2006), pollen viability (Purseglove 1972), and the work about cross-pollination by Bt corn pollen 
(Chilcutt and Tabashnik 2004, Burkness et al. 2011), the likelihood of cross-pollination of non-
Bt corn with Bt corn pollen is higher with seed blend refuges than with block refuges. 
Low-toxin mortality for larvae on non-Bt corn ears cross-pollinated by nearby Bt corn 
pollen can significantly undermine two important elements of the high-dose-refuge strategy 
(Burkness et al. 2011). First, non-Bt corn ears that are fertilized by Bt corn pollen may not 
provide the same level of non-selected moths per area necessary for mating with Bt resistant 
moths emerging from Bt corn plants. Second, intermediate levels of Bt toxin expression in non-
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Bt corn kernels may allow high toxin-survival for heterozygous insects on cross-pollinated non-
Bt kernels and low toxin-survival for homozygous susceptible insects. In addition, sublethal 
toxin expression may select for Bt resistant insects, depending on the pest species (Onstad et al. 
2011). 
Nevertheless, cross-pollination may not be an important issue when only a small fraction 
of plants are cross-pollinated. For example, outcrossing occurs in approximately 1% of the 
flowers of cowpea (Fatokun and Ng 2007, Asiwe 2009). In Africa, small-scale farmers typically 
own <1 ha of land (Ogungbile et al. 1998); they save seed from one year to plant in the next year 
and share seed. Thus, low-toxicity and high-toxicity transgenic insecticidal cowpea will co-exist 
in the landscape because of seed saving and cross-pollination (Onstad et al. 2012). Onstad et al. 
(2012) studied the evolution of resistance by the bean pod borer, Maruca vitrata (F.) 
(Lepidoptera: Crambidae), to transgenic insecticidal cowpea by using a simulation model with 
the processes for cross-pollination and the farmer’s behavior of saving seed from one year to 
plant in the next year. Onstad et al. (2012) concluded that there is an insignificant effect on IRM 
of limited cross-pollination and seed saving on the evolution of resistance in M. vitrata. 
 
Landscapes 
Refuge quality and quantity are fundamental issues for IRM (Onstad 2008). Refuges 
provide susceptible pests to the landscape, and refuges consisting of the same crop as the 
transgenic crop should be phonologically similar to the transgenic crop (Onstad 2008). For some 
pests, adequate refuges for transgenic crops can be found in other crops. For example, in China, 
early and late-planted corn provided adequate refuge for the third and fourth generations of the 
cotton bollworm, Helicoverpa armigera Hübner, but not for the second generation (Wu et al. 
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2002). The effectiveness of natural refuges on IRM is affected by the movement of pests among 
natural refuges and transgenic crop fields; the planting date and maturation of the natural refuges 
relative to other crops in the landscape may affect the movement of pests among natural refuges 
and transgenic crop fields. In addition, farmers affect landscape structure when they fertilize or 
irrigate crop fields (Onstad 2008). Life history characteristics of pests may differ on different 
host crops, which also affect the quality of an alternative host crop as natural refuge. The areas of 
crops are affected by demand and supply in the market, and the demand and supply change over 
time. In other words, the quantity and quality of natural refuges will change over time. Due to 
these complexities in the resistance evolution in pests attacking multiple crops in heterogeneous 
and dynamic landscape, designing IRM strategies for these insect pests is challenging. 
Evaluating the impact of refuge areas on the production of susceptible insects can provide 
important information for refuge deployment (MacIntosh 2010). For generalist insect pests (e.g. 
H. armigera; tobacco budworm, Heliothis virescens F.; cabbage looper, Trichopusia ni Hübner; 
and D. saccharalis), susceptible insects can be provided from non-Bt crop refuges, other 
cultivated crops, and non-crop alternative hosts (MacIntosh 2010). The US-EPA acknowledged 
natural host refuge for generalist insect pests when they decided to remove the need for a 
structured non-Bt cotton plants to provide a refuge for Noctuidae (MacIntosh 2010). 
In general, spatial mosaics of toxic plants are not recommended for use in an IRM 
strategy because simultaneous selection for resistance to all toxins can occur in separate 
locations (Onstad 2008). Various cultivars or hybrids can be planted across the landscape. Soil 
moisture, soil nutrient, herbivory, and topography vary over space and can influence the growth 
of transgenic plants and the production of toxin in the transgenic plants. Therefore, doses of 
toxin expression between plants in a single transgenic cultivar may vary over a crop field 
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(Onstad 2008). Toxins can be differentially expressed across tissues in individual plants (Horner 
et al. 2003). Alternative hosts, particularly weeds, can create additional types of spatial mosaic 
when transgenic insecticidal crops are planted in a mixture with weed seeds (Onstad 2008). 
The proximity and heterogeneity of habitat for pests and natural enemies influence 
dispersal and gene flow (Croft and Dunley 1993). Insect movement among refuges and Bt crops 
affects resistance evolution. The modeling studies of Caprio (2001), Sisterson et al. (2005), and 
Onstad and Meinke (2010) showed that intermediate levels of dispersal among toxic transgenic 
fields and non-toxic refuge fields delayed resistance evolution. Thus, the distance among refuges 
and Bt crops can affect resistance evolution. 
 
Use of Transgenic Crops for Managing Insect Pests of Stored Products 
Insect pests of stored products are responsible for a loss of over one billion dollars per 
year worldwide (Haines 2000). Eighteen of 300 insect pests of stored products are of primary 
economic importance (Boyer et al. 2012). Two major groups of economically important insect 
pests of stored products are Coleoptera and Lepidoptera (Boyer et al 2012). Current control for 
stored product insect pests is mainly dependent on the use of insecticides, which are generally 
the most effective management tools and provide the only feasible methods of reducing insect 
pest populations to acceptable levels (Hareins and Davis 1992, Perez-Mendoza 1999). The 
development of insecticide resistance is a major concern in post-harvest systems in many 
countries. Cases of resistance by insect pests of stored products to grain protectants (Arthur 
1996, Ding et al. 2002), fumigants (Champ and Dyte 1977, Leong and Ho 1994), and 
insecticides (Guedes et al. 1994 & 1995, Perez-Mendoza 1999, Fragoso et al. 2003, Ribeiro et al. 
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2003) are well documented. The IPM strategies incorporating insecticides may not be effective 
in the future due to insect resistance to insecticides. 
Procedures for genetic transformation of several crops (e.g. corn (Fromm et al. 1990), 
rice (Toriyama et al. 1988), soybean (McCabe et al. 1988), and cowpea (Chaudhury et al. 2007)) 
have been developed. Genes expressing Bacillus thuringiensis toxins and maturation-delaying 
toxins (e.g. protease inhibitors, α-amylase inhibitors, and plant lectins) (Haq et al. 2004) are 
available for genetic engineering. Thus, the possibility of the use of transgenic crops for 
managing insect pests of stored products should be investigated, and strategies incorporating 
transgenic crops need to include IRM plans.  
The approach taken for field pests should not be blindly used for stored product pests. 
Managers have less control over seeds than they do planted fields. Refuge deployment is an 
obvious example of this. In addition, when the duration of crop storage is long, the number of 
generations of a stored product pest under selection by transgenic crops can be greater than that 
of a field pest, which is under selection by transgenic crops only during the cropping seasons. 
For this reason, stored product pests can evolve resistance to transgenic crops faster than field 
pests.  
 
Maturation Delay Caused by Toxins 
Many plant compounds delay the maturation of insects, but they have not been actively 
used for plant protection because their effect on insect pests is not immediate. Genes expressing 
maturation-delaying compounds (MDTs), such as protease inhibitors, α-amylase inhibitors, and 
plant lectins, are available for genetic engineering for insect resistance management (Haq et al. 
2004). Low concentrations of dietary Phaseolus vulgaris α-amylase inhibitor inhibit larval 
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maturation of the cowpea weevil (Ishimoto and Kitamura 1989). Lectins from rice, wheat germ, 
potato tuber, seeds from peanuts, thorn apple, and osage orange showed a negative effect on the 
maturation of larvae of the cowpea weevil (Murdock et al. 1990, Huesing et al. 1991). IPM 
strategies using compounds affecting insect development require IRM plans as do strategies 
using insecticidal compounds. For example, juvenile-hormone-analog-resistance cases showed 
that insects can evolve resistance to compounds affecting their development (Sutherland et al. 
1995, Zelhof et al. 1995, Feyereisen 1998). 
A maturation delay in insects caused by insecticides expressed in transgenic plants can 
affect the mating structure of insects emerging from transgenic and non-transgenic plants. 
Studies (Storer et al. 2006, Murphy et al. 2010, Hibbard et al. 2011) showed that there is partial 
temporal separation (up to 9 days) between D. v. virgifera beetles emerging from Bt and non-Bt 
corn. Because the temporal shift decreases the frequency of mating between beetles emerging 
from Bt and non-Bt corn, researchers raised concerns regarding management of Bt-resistance in 
D. v. virgifera. 
 
IRM Modeling 
Simulation models have helped guide EPA’s regulatory decisions on the IRM 
requirements of both Bt cotton and Bt corn PIPs since the late 1990s (Matten et al. 2012). 
Mathematical modeling can be used to identify important gaps in knowledge, predict 
consequences of management, assess risks, and perform virtual experiments that are impossible 
to perform in reality (Onstad 2008). Models are simplifications of reality, so they have 
uncertainties and limitations (Matten et al. 2012). For my dissertation research, I used four 
species-specific, simulation models to study the evolution of resistance by insect pests on 
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transgenic insecticidal corn or cowpea to 1) forecast the durability of insect-controlling traits in 
transgenic crops, 2) study the effects of biological and ecological factors on the evolution of 
insect resistance to transgenic crops, and 3) provide simulation models for future research in 
insect resistance management. The following subsections show the objectives of my four IRM 
models. 
 
European Corn Borer Model 
Ostrinia nubilalis been the most widespread insect pest of corn (Zea mays L.) in the Corn 
Belt since its introduction into the Unites States (Caffrey and Worthley 1927, Mason et al. 1996, 
Hutchison et al. 2010). Cross-pollinated corn ears in the refuge can accelerate resistance 
evolution if fewer susceptible moths are produced in a refuge or if intermediate levels of toxin in 
cross-pollinated refuge ears kill susceptibles but allow heterozygotes to survive (Chilcutt and 
Tabashnik 2004). For my first project, I used a mathematical model with processes reflecting 
larval mortality resulting from feeding on cross-pollinated refuge corn ears or Bt corn ears to 
analyze the risk of evolution of Cry-toxin resistance in European corn borer (Chapter 2). 
 
Western Corn Rootworm Model 
Diabrotica v. virgifera is the most serious insect pest of corn in the midwestern United 
States (Levine and Oloumi-Sadeghi 1991). Field studies (Storer et al. 2006, Murphy et al. 2010, 
Hibbard et al. 2011) reported partial temporal separation between beetles emerging from Bt and 
refuge corn. I used a simulation model to study the effect of a maturation delay and a female-
skewed-sex-ratio for D. v. virgifera emerging from Bt corn on evolution of Bt resistance 
(Chapter 3). 
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Cowpea Weevil Model 
The cowpea weevil, Callosobruchus maculatus Fabricius (Coleoptera: Bruchidae), can 
cause up to 100% yield loss of harvested cowpea seeds during a few months in storages in West 
Africa (Lienard and Seck 1994). Genetic transformation of cowpea has become a reality over the 
past decade (Chaudhury et al. 2007). Genes expressing maturation-delaying toxins (MDTs), such 
as protease inhibitors, α-amylase inhibitors, and plant lectins, are available for genetic 
engineering (Haq et al. 2004). I used a simulation model to study the effect of transgenic cowpea 
expressing a MDT, an insecticide, or both, on the evolution of resistance by C. maculatus at 
constant temperature to investigate the possibility of the use of MDTs for managing C. 
maculatus (Chapter 4). 
 
Sugarcane Borer Model 
Diatraea saccharalis is a major pest of corn, Zea mays L., in South America and the 
southern part of the United States. Field corn in south and central Texas was severely damaged 
by D. saccharalis during 2005 (Porter et al. 2005). Major resistance alleles of D. saccharalis to 
Cry1Ab corn were first detected in a field population in northeast Louisiana in 2004 (Huang et 
al. 2007). I used a demographic model to study the evolution of resistance by D. saccharalis to 
transgenic corn expressing one or two Bt proteins. The effects of biological and ecological 
factors, including moth movement and alternative cultivated host plants, on resistance evolution 
were studied with sensitivity analyses to improve insect resistance management strategies for D. 
saccharalis (Chapter 5). 
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CHAPTER 2: MODELING THE IMPACT OF CROSS-POLLINATION AND LOW 
TOXIN EXPRESSION IN CORN KERNELS ON ADAPTATION OF EUROPEAN CORN 
BORER (LEPIDOPTERA: CRAMBIDAE) TO TRANSGENIC INSECTICIDAL CORN 
 
Abstract 
I used a mathematical model with processes reflecting larval mortality resulting from 
feeding on cross-pollinated ears or Bt ears of corn to analyze the risk of evolution of Cry-toxin 
resistance in Ostrinia nubilalis. In the simulations, evolution of resistance was delayed equally 
well by both seed blends and blocks with the same proportion of refuge. Our results showed that 
Bt-pollen drift has little impact on the evolution of Bt resistance in O. nubilalis. However, low-
toxin expression in ears of transgenic corn can reduce the durability of transgenic corn 
expressing single toxin, while durability of pyramided corn hybrids is not significantly reduced. 
The toxin-survival rate of heterozygous larvae in Bt-corn ears expressing one or two proteins has 
more impact on evolution of Bt resistance in O. nubilalis than the parameters related to larval 
movement to Bt ears or the toxin-survival rate of the homozygous susceptible larvae in Bt ears. 
Bt resistance evolves slower when toxin mortality is distributed across the first two larval stadia 
than when only the first instars are susceptible to Bt toxins. I suggest that stakeholders examine 
toxin-survival rates for insect pests and take into account that instars may feed on different parts 
of Bt corn. 
 
 
 
 
1 This chapter appeared in its entirety in Environmental Entomology and refer to later in this 
dissertation as “Kang et al. 2012”. Kang, J., D. W. Onstad, R. L. Hellmich, S. E. Moser, W. D. 
Hutchison, and J. R. Prasifka. 2012. Modeling the Impact of Cross-pollination and Low Toxin 
Expression in Corn Kernels on Adaptation of European Corn Borer (Lepidoptera: Crambidae) to 
Transgenic Insecticidal Corn. Environmental Entomology.  41: 200-211. This article is reprinted 
with the permission of the publisher. 
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Introduction 
European corn borer, Ostrinia nubilalis Hübner (Lepidoptera: Crambidae), has been the 
most widespread insect pest of corn (Zea mays L.) in the Corn Belt since the introduction in the 
U. S. (Caffrey and Worthley 1927, Mason et al. 1996, Hutchison et al. 2010). Transgenic-
insecticidal corn was commercially grown for the first time in 1996, and, by 2009, was grown in 
135 million ha in 25 countries (James 2009). Transgenic corn hybrids that express one or more 
proteins from the bacterium Bacillus thuringiensis Berliner (Bt corn), can have high efficacy 
against lepidopteran and coleopteran pests and comprised over 63% of the total U. S. corn 
production in 2010 (USDA-ERS 2010). In the absence of field-evolved resistance to Bt, 
populations of O. nubilalis have gradually declined over time in at least five major corn 
producing states due to Bt corn use (Hutchison et al. 2010). Despite the significant selection 
pressure on O. nubilalis since 1996, no O. nubilalis populations with major resistance to Cry 
toxins have been reported in the field (Carrière et al. 2010).  
Chilcutt and Tabashnik (2004) concluded that cross-pollinated corn ears in the refuge can 
accelerate resistance evolution if fewer susceptible moths are produced in a refuge or if 
intermediate levels of toxin in cross-pollinated ears in a refuge kill susceptibles but allow 
heterozygotes to survive. Heuberger et al. (2008) studied the effect of refuge contamination by 
transgene on Bt-resistance evolution by the pink bollworm, Pectinophora gossypiella Saunders 
(Lepidoptera: Gelechiidae), in cotton, Gossypium hirsutum L. They concluded that Bt-pollen 
contamination has negligible effects on resistance evolution as long as contamination does not 
confer a selective advantage to heterozygotes over homozygous susceptible larvae in the refuge. 
Reduced mortality of Bt-susceptible-O.nubilalis larvae feeding on kernels of Bt corn expressing 
Cry1Ab was observed by Burkness et al. (2011), and it raised the possibility that the survival 
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rates of heterozygotes and homozygous susceptibles feeding on ears of Bt corn can be greater 
than those of heterozygotes and homozygous susceptibles feeding on stems or leaves of Bt corn. 
If more heterozygotes on ears of Bt corn survive, it can accelerate resistance evolution. I used a 
mathematical model with processes reflecting larval mortality caused by feeding on 1) cross-
pollinated ears in the refuge and 2) ears of Bt corn, to analyze the risk of these factors in the 
evolution of Bt resistance in O. nubilalis. 
 
Methods 
The model of Onstad and Gould (1998b) was modified to simulate two plant toxins. For 
each resistance gene, the initial frequency of the resistant allele is 0.0001. To reflect the current 
O. nubilalis population levels (Hutchison et al. 2010), I start the model with 11.7 million eggs 
per 100 ha and assume 16.2 larvae/100 maize plants (Gray 2009). The initial egg genotypic 
frequencies followed a Hardy-Weinberg distribution. Resistance evolution is defined as the 
number of years required for the resistance allele frequency to reach 0.5. Many variables and 
processes can be important, but I have restricted our analysis to factors that relate to larvae in 
single toxin scenarios with 20% refuge and pyramided, double-toxin scenarios with 5% refuge. 
The model is programmed in Microsoft Visual C++. 
Two discrete generations per year are simulated in a landscape containing Bt-pollen 
contamination in the refuge and low-toxin expression of Bt ears. The sequence of the processes 
in the model is described in Figure 2.1. Each season lasts 147 days under Illinois conditions, 
when degree day is in the range of 330 to 1,740 with base temperature 10 °C (Onstad 1988). 
Simulations last 100 years (200 generations) and the same temperature pattern, which is the 30-
14 
 
year normal maximum and minimum temperatures for Champaign-Urbana, IL, is used for each 
year (Onstad and Guse 1999) and the time step is 1 day. 
 
Diapause 
I use the following function by Onstad and Brewer (1996) to calculate the proportion of 
larvae entering diapause (proportion / 1 day).  
𝐷𝑖𝑎(𝑙) = 𝑚𝑎𝑥𝐷𝑖𝑎𝑝𝐼𝑛𝑑(𝑙) × [−384 + (30.8 × 𝑆) + (2.33 × 𝑇) + (5.11 × 𝐿)]           (1) 
Dia(l) is proportion of life stage, l, in diapause. Dia(l) is never greater than 1 or less than 0. 
maxDiapInd(l) is the maximum induction rates of diapause for life stage. The maximum 
induction rates of diapause for first, second, third, fourth, and fifth stadium are 1, 0.89, 0.685, 
0.285, and 0 respectively. Scotophase (S, hours) is calculated by using functions described by 
Sellers (1965). T is five-day-running-average temperature in degrees Celsius and L is the latitude 
in decimal degrees. For each time step, Dia(lifStg) is multiplied to output from larval stages to 
calculate the number of larvae in diapause. 
 
Toxin Mortality of First and Second Instars 
Because loci providing major resistance to Cry toxins have not been found in O. nubilalis 
(Carrière et al. 2010), I emphasize scenarios in which resistance confers 100% survival in 
resistant homozygotes; stoxRR = 1, where, stox(g) is the toxin-survival rate of a genotype (g). 
Toxin survival rate for susceptible first instars feeding on Cry1F corn is calculated as 0.001 
before the date of anthesis (Pereira et al., 2008). Crespo et al. (2009) estimated the survival rates 
of a laboratory-selected Cry1Ab-resistant strain, a susceptible strain and their heterozygous cross 
on Cry1Ab-expressing vegetative stage corn at 0.0. However, when larvae were reared on 
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Cry1Ab-expressing plants at reproductive stages, the survival rate of the Cry1Ab-resistant strain 
(18.3 %) was greater than those of the cross (11.0 %) and the susceptible strain (0.3 %). The 
dominance of a resistance allele is h. 
𝑠𝑡𝑜𝑥𝑅𝑆 = ℎ × 𝑠𝑡𝑜𝑥𝑅𝑅  + (1 − ℎ) × 𝑠𝑡𝑜𝑥𝑆𝑆    (2) 
The standard value for h is 0.01 to keep the frequency of major-resistant allele below 1% for 
fifteen years with the standard simulations of the one-locus-to-one-toxin population genetics 
scenario (Carrière et al. 2010).  
For the pyramided-toxin scenario, the toxin survival rate is either (1) the product of the 
two single toxin-survival rates (multiplicative-toxin-survival rates), or (2) the smaller value of 
the two toxin-survival rates (minimum-toxin-survival rates; Onstad and Meinke 2010). Since no 
studies provide evidence of cross-resistance to Cry1F and Cry1Ab in O. nubilalis, I assume that 
cross-resistance to Cry1F and Cry1Ab does not occur. 
Recent studies showed that the toxin-survival rates of the first instars feeding on Bt corn 
at reproductive stages (R1-2 or R1-3) are significantly greater than those on Bt corn at vegetative 
stages (V6-9; Crespo et al. 2009, Pereira et al. 2008). To simplify this, I used the linear-toxin-
titer-decline model in which the decline of the titers of two toxins is similar because there is no 
evidence that the decline is different for two toxins expressed in pyramided corn (Onstad and 
Gould, 1998a). The model uses three time periods to describe the decline in toxin mortality; the 
first period, plag, is the lag between the date of anthesis (50% silking or pollen shed) and the 
first date of reduced mortality. For this simulation, plag is 0 because survival rates of Bt-resistant 
strains and F1 hybrids, produced by Bt-susceptible strains and Bt-resistant strains, declined when 
their host plants were at early reproductive stages (Crespo et al., 2009, Pereira et al., 2008). The 
date of anthesis is 14 July (Julian dates: 195) to represent the condition in Illinois. The second 
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period, pdec, is the duration of the linear decline in toxin mortality from maximum larval 
mortality to 0%. , The survival rates of Bt-susceptible strains are less than 10% of those of 
Cry1F-or-Cry1Ab-resistant strains on Bt corn at early reproductive stages (Crespo et al., 2009, 
Pereira et al., 2008). For this reason, I decided that pdec should be longer than the period of R1-3. 
I chose 42 days for the value of pdec because R5 is 35 to 42 days after silking in Illinois 
(Nafziger 2007).  The third period, psep, is calculated as 7 and is defined as the delay between 
the decline for the genotypes that are heterozygous at any locus and the decline in toxin mortality 
for wild-type susceptible larvae.  Toxin-survival rate after the date of anthesis for genotype is 
stoxAnthesis(g).  
𝑠𝑡𝑜𝑥𝐴𝑛𝑡ℎ𝑒𝑠𝑖𝑠(𝑔) = 𝑠𝑡𝑜𝑥(𝑔)      if 𝑡𝑖𝑚𝑒 < 𝑎𝑛𝑡ℎ𝑒𝑠𝑖𝑠 + 𝑝𝑙𝑎𝑔             (3) 
Julian date is the unit for time and anthesis. After anthesis, toxin-survival rates can increase for 
fully resistant or heterozygous larvae. 
𝑠𝑡𝑜𝑥𝐴𝑛𝑡ℎ𝑒𝑠𝑖𝑠(𝑔) = 𝑠𝑡𝑜𝑥(𝑔) + (𝑡𝑖𝑚𝑒 − 𝑎𝑛𝑡ℎ𝑒𝑠𝑖𝑠 − 𝑝𝑙𝑎𝑔)𝑝𝑑𝑒𝑐  if 𝑎𝑛𝑡ℎ𝑒𝑠𝑖𝑠 + 𝑝𝑙𝑎𝑔 ≤ 𝑡𝑖𝑚𝑒 < 𝑎𝑛𝑡ℎ𝑒𝑠𝑖𝑠 + 𝑝𝑙𝑎𝑔 + 𝑝𝑑𝑒𝑐         (4) 
Genotypes not having a resistance allele at any locus are considered completely susceptible, 
𝑠𝑡𝑜𝑥𝐴𝑛𝑡ℎ𝑒𝑠𝑖𝑠(𝑔) = 𝑠𝑡𝑜𝑥(𝑔)if 𝑡𝑖𝑚𝑒 < 𝑎𝑛𝑡ℎ𝑒𝑠𝑖𝑠 + 𝑝𝑙𝑎𝑔 + 𝑝𝑠𝑒𝑝        (5) 
𝑠𝑡𝑜𝑥𝐴𝑛𝑡ℎ𝑒𝑠𝑖𝑠(𝑔) = 𝑠𝑡𝑜𝑥(𝑔) + (𝑡𝑖𝑚𝑒 − 𝑎𝑛𝑡ℎ𝑒𝑠𝑖𝑠 − 𝑝𝑙𝑎𝑔 − 𝑝𝑠𝑒𝑝)𝑝𝑑𝑒𝑐  if 𝑡𝑖𝑚𝑒 ≥ 𝑎𝑛𝑡ℎ𝑒𝑠𝑖𝑠 + 𝑝𝑙𝑎𝑔 + 𝑝𝑠𝑒𝑝         (6) 
None of the values of stox(g) and stoxAnthesis(g) are allowed to exceed 1.0.  
 For first instars after inter-plant movement, the survival rates are 
𝑠𝑢𝑟𝐹𝑠𝑡(𝑔) =  𝑠𝑡𝑜𝑥(𝑔)𝑇𝑂𝑋𝑊            (7) 
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surFst(g) is the survival rate for a genotype of first instars. I used TOXW to study the effect of the 
timing of intra-plant movement and the timing of toxin mortality. I evaluated two scenarios: 
toxin mortality occurring only for first stadium TOXW = 1.0, and toxin mortality occurring for 
first and second stadia TOXW is 0.5. The survival rates for second instars are 
𝑠𝑢𝑟𝑆𝑛𝑑(𝑔) =  0.81 × �𝑠𝑡𝑜𝑥(𝑔)(1− 𝑇𝑂𝑋𝑊)�             (8) 
surSnd(g) is the survival rate for a genotype of second instars. 0.81 is the natural survival rate for 
second instars. Table 2.1 describes how mortality factors affect the early larval stages. 
 
Reproduction by Second Generation Moths 
Similar to Onstad and Gould (1998b), I modeled mating and reproduction separately for 
two subsequent generations. The eggs oviposited in the second generation are distributed over 
time by the functions used by Onstad (1988). 
 
Reproduction by First Generation Moths 
I built a simulation model based upon the data from Royer and McNeil (1993) to 
calculate the proportion of males mating in age classes. A Monte Carlo method was used for 
generating a series of simulations for polyandry. Data points from Figure 1 in Royer and McNeil 
(1993)’s publication are acquired by using Enguage Digitalizer (http://digitizer.sourceforge.net). 
I assume that males can mate the maximum five-times for the 10-day mating period because the 
data for matings after the fifth are not available. Within the 10-day-mating period, 84%, 45%, 
34%, 20%, and 20% of males mated at least once, twice, three-times, four-times, and five times, 
respectively. The means and standard errors of lags between the 0-1st, 1st-2nd, 2nd-3rd, 3rd-4th, 4th-
5th mating are (1.71 ± 0.11), (1.54 ± 0.13), (1.58 ± 0.17), (1.67 ± 0.25), and (1.64 ± 0.20), 
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respectively. For each replicate, a random deviate between 0 and 1 is drawn and compared with 
the probability of the mating for a given sequence. If the random deviate is less than the 
probability of the mating for a given sequence, a male copulates. When mating occurs, a normal 
deviate, with the mean and standard error of the lag for the given mating sequence, is drawn to 
determine timing of mating. The simulations were run 10,000-times. I calculated, prob(ma), the 
probability of mating with competition of all ages at an age of male (ma), from 0-day-old male to 
9-day-old male as 0, 0.837, 0.037, 0.417, 0.258, 0.098, 0.169, 0.087, 0.124, and 0.003, 
respectively (Figure 2.2). 
Anwar and Féron (1971) observed that 70% of pairs mated on the first night following 
emergence and 30% on the second night. Female moths are known to mate usually once (Caffrey 
and Worthley 1927, McNeil et al. 1997). For these reasons, I assumed that female moths mate 
only once in life time when they are 0 day old. For the first generation, propP(p), which is the 
proportions of male moths of a genotype, p, in the equation 11 is calculated by using the 
equation 12. 
𝑝𝑟𝑜𝑝𝑃(𝑝) =  ∑ 𝑛𝑃(𝑝)(𝑚𝑎)×𝑝𝑟𝑜𝑏(𝑚𝑎)9𝑚𝑎=0∑ ∑ 𝑛𝑃(𝑝)(𝑚𝑎)9𝑚𝑎=0𝑔𝑡𝑝=1 ×𝑝𝑟𝑜𝑏(𝑚𝑎)     (12) 
nP(p)(ma) is the number of males of a genotype at an age, ma. p is paternal genotype. gt is the total 
number of genotypes of O. nubilalis. prob(ma) is the probability of mating of males at an age with 
competition. I assume oviposition declines with the age of female moth (Barber 1925, Vance 
1943) and I used the linear function developed by Onstad (1988) for this oviposition trend of 
first-generation moths. 
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Inter-plant Neonate Movement and Survival 
Several researchers have studied neonate movement of O. nubilalis in different settings 
(Davis and Coleman 1997, Davis and Onstad 2000, Goldstein et al. 2010, Prasifka et al. 2009 & 
2010, Moser et al. unpublished data). I calculated inter-plant movement parameters as the 
proportion of neonates leaving non-Bt corn (dispr) (0.76) and the proportion of neonates leaving 
Cry1F-and/or-Cry1Ab-expressing corn (dispBt) (0.90). The survival rate due to movement is 0.1 
(Onstad and Gould 1998b). The survival for those staying on non-Bt corn after the eggs hatched 
is 0.8 (Moser et al. unpublished data). The pre-dispersal-tasting survival rate, spd, is defined as 
the survival of susceptible larvae that taste the Bt corn and then move to a refuge plant (Onstad 
and Gould 1998b), and in the model this factor is set to 1.0 based on observations of Moser et al. 
(unpublished data). This is. For a seed blend plot, the function to calculate the input rate to first 
instars is 
Nr-ls = (1 – 0.76) × hchn × 0.80 + 0.76 × Propr × 0.1 × hchn + 0.90 × (1- Propr) × 0.1 × hcht × 
spd     (14) 
NBt-ls = (1 – 0.90) × hcht × 0.80 × spd + 0.90 × (1 – Propr) × 0.1 × hcht × spd + 0.76 × Propr× 
hchn × 0.1    (15) 
𝑁𝑟−𝑙𝑠 and 𝑁𝐵𝑡−𝑙𝑠are the input rates of a given genotype to first instars on stem or leaves in refuge 
and on those in transgenic plot, respectively. hchn and hcht are the number of a given genotype 
hatching each day. Propr is the proportion of non-Bt corn. In each equation, the terms in 
sequence on the right hand side are the number of neonates staying on the plant upon which they 
hatch, the number of neonates moving to a plant of the same type, and the number of neonates 
moving to a plant of a different type (Onstad and Gould 1998b). The input rate for first larval 
stadium in a block plot is 
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Nr-ls = (1 – 0.76) × hchn × 0.80 + 0.76 × 0.1 × hchn    (16) 
NBt-ls = (1 – 0.90) × hcht × 0.80 + 0.90 × 0.1 × hch t    (17) 
For the block plot, I ignore the movement between a non-Bt plant and a Bt plant because the 
proportion of neonates moving between a non-Bt plant and a Bt plant in block plot is very small. 
 
Intra-plant Larval Movement to Kernels 
Shelton et al. (1986, Figure 2) studied sweet corn and observed 2% of small larvae on 
ears from mid-tasseling stage (VT) to late-silking stage (R1) and 42.6% from late-silking stage to 
dent stage (R5). Batchelder (1949) reported that the mean proportion of larvae on ears from 
early-silk to roasting-ear (R) stage was 38% on field corn. I assume that larvae move to ears from 
the day toxin mortality in the vegetative tissues starts to decline. I assume that larvae move from 
leaves or stems to kernels right after the inter-plant movement or right before the end of the first 
stadium. Equations 18-21 are the functions for neonates not moving to non-Bt kernels, moving to 
non-Bt kernels, not moving to Bt kernels, and moving to Bt kernels, respectively. 
𝑁𝑟−𝑙𝑠 = 𝑁𝑟−𝑙𝑠 × (1.0 − 𝑃𝐼𝑀𝑟 × 𝑃𝑁𝐼𝑀𝑟)       (18) 
𝑁𝑟−𝑘 = 𝑁𝑟−𝑙𝑠 × 𝑃𝐼𝑀𝑟 × 𝑃𝑁𝐼𝑀𝑟      (19) 
𝑁𝐵𝑡−𝑙𝑠 = 𝑁𝐵𝑡−𝑙𝑠 × (1.0 − 𝑃𝐼𝑀𝐵𝑡 × 𝑃𝑁𝐼𝑀𝐵𝑡)    (20) 
𝑁𝐵𝑡−𝑘 = 𝑁𝐵𝑡−𝑙𝑠 × 𝑃𝐼𝑀𝐵𝑡 × 𝑃𝑁𝐼𝑀𝐵𝑡     (21) 
𝑁𝑟−𝑘and 𝑁𝐵𝑡−𝑘are the input rates of a given genotype to first instars moving to non-Bt kernels 
and to Bt kernels, respectively. 𝑃𝐼𝑀𝑟and 𝑃𝐼𝑀𝐵𝑡are the proportion of larvae moving to kernels on 
refuge and Bt plants, respectively. For the standard simulations, 𝑃𝐼𝑀𝑟 and 𝑃𝐼𝑀𝐵𝑡 are 0.2. 
𝑃𝑁𝐼𝑀𝑟 is the proportion of neonates that move to ears of non-Bt corn. 𝑃𝑁𝐼𝑀𝐵𝑡 is the proportion 
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of neonates that move to ears of Bt corn. 𝑃𝑁𝐼𝑀𝑟 and 𝑃𝑁𝐼𝑀𝐵𝑡 are 0 or 1. The standard value for 
𝑃𝑁𝐼𝑀𝑟 and 𝑃𝑁𝐼𝑀𝐵𝑡  are 1.0. Equations 22-23 are the functions for larval movement to non-Bt 
kernels right before the end of the first stadium.  The functions for larval movement to Bt kernels 
right before the end of the first stadium are equations 24-25. 
𝐹𝑖𝑟𝑠𝑡𝑟−𝑙𝑠 = 𝐹𝑖𝑟𝑠𝑡𝑟−𝑙𝑠 × (1 − 𝑃𝐼𝑀𝑟 × (1 − 𝑃𝑁𝐼𝑀𝑟))      (22) 
𝐹𝑖𝑟𝑠𝑡𝑟−𝑘 = 𝐹𝑖𝑟𝑠𝑡𝑟−𝑘 + 𝐹𝑖𝑟𝑠𝑡𝑟−𝑙𝑠 × 𝑃𝐼𝑀𝑟 × (1 − 𝑃𝑁𝐼𝑀𝑟)     (23) 
𝐹𝑖𝑟𝑠𝑡𝐵𝑡−𝑙𝑠 = 𝐹𝑖𝑟𝑠𝑡𝐵𝑡−𝑙𝑠 × (1 − 𝑃𝐼𝑀𝐵𝑡 × (1 − 𝑃𝑁𝐼𝑀𝐵𝑡))       (24) 
𝐹𝑖𝑟𝑠𝑡𝐵𝑡−𝑘 = 𝐹𝑖𝑟𝑠𝑡𝐵𝑡−𝑘 + 𝐹𝑖𝑟𝑠𝑡𝐵𝑡−𝑙𝑠 × 𝑃𝐼𝑀𝐵𝑡 × (1 − 𝑃𝑁𝐼𝑀𝐵𝑡)    (25) 
𝐹𝑖𝑟𝑠𝑡𝑟−𝑙𝑠 and 𝐹𝑖𝑟𝑠𝑡𝐵𝑡−𝑙𝑠are the input rates of a given genotype to second larval stadium not 
moving to non-Bt kernels and to Bt kernels, respectively. 𝐹𝑖𝑟𝑠𝑡𝑟−𝑘 and 𝐹𝑖𝑟𝑠𝑡𝐵𝑡−𝑘are the input 
rates of a given genotype to second instars moving to non-Bt kernels and to Bt kernels, 
respectively. Larvae in kernels, except overwintering fifth instars, are assumed not to leave 
kernels until pupation. Shelton et al. (1986) and Batchelder (1949) added the proportions of 
small larvae on kernels and on silks to calculate the proportion of larvae on ears. For this reason, 
I use 40% as the upper limit in the sensitivity analysis for the proportion of larvae moving to 
kernels. For the standard simulation, 20% of larvae in refuge and transgenic plots are assumed to 
move to kernels. 
 
Cross-pollination from Bt to Refuge Corn 
Cross-pollination from Bt corn to non-Bt corn, and vice versa, can influence the toxin 
exposure of kernel-feeding larvae. For example, an ear on a refuge plant can express Bt toxin 
when it is fertilized by pollen from corn expressing Bt toxin (Chilcutt and Tabashnik 2004, 
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Burkness et al. 2011), and this may increase the Bt-toxin-induced mortality for the individuals 
developing in ears of non-Bt corn. These changes in toxin exposure may undermine the effect of 
refuge on Bt-resistance evolution. Chilcutt and Tabashnik (2004) reported that Cry1Ab is 
detected in kernels of non-Bt corn up to 31 m from a plot of Cry1Ab-expressing corn. The 
negative correlation of Cry1Ab concentration in kernels of non-Bt corn and the distance between 
a refuge plot and a transgenic plot was shown by Chilcutt and Tabashnik (2004). Chilcutt and 
Tabashnik (2004) estimated that the mean Cry1Ab concentration in kernels of non-Bt corn, 
located 1 m from a plot of Cry1Ab-expressing corn, was 45% of the mean Cry1Ab concentration 
in kernels of corn expressing Cry1Ab. The configuration of a refuge block and a transgenic-corn 
block influences the proportion of non-Bt ears in a refuge fertilized by Bt pollen from a 
transgenic block (Burkness et al. 2011). Burkness et al. (2011) estimated that the survival rates of 
second instars feeding on non-Bt ear fertilized by Cry1Ab pollen and non-Bt ear fertilized by 
non-Bt pollen are 0.600 ± 0.066 and 1.000 ± 0.0, respectively.  
For the single-toxin scenario, the toxin-survival rate for susceptible homozygotes on 
cross-pollinated refuge corn ears is stoxRKSS = 0.6. stoxRK(g) is the toxin-survival rate of a 
genotype, g, on ears in refuge. Resistance confers 100% survival in resistant homozygotes on 
cross-pollinated corn kernels.  The toxin-survival rate for heterozygotes is  
𝑠𝑡𝑜𝑥𝑅𝐾𝑅𝑆 = (𝑠𝑡𝑜𝑥𝑅𝐾𝑅𝑅 × ℎ𝑅𝐾) +  [𝑠𝑡𝑜𝑥𝑅𝐾𝑆𝑆 × (1 − ℎ𝑅𝐾)]                      (26) 
hRK is the dominance of resistance allele for larvae in non-Bt-ear fertilized by Bt pollen. The 
standard value for hRK is 1.0, which is a conservative estimate that promotes evolution of 
resistance. I studied a range of stoxRKSS and hRK.  
For the pyramided-toxin scenario, the toxin survival rate of larvae feeding on kernels in 
the refuge is either (1) the product of the two toxin-survival rates determined by the two loci or 
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(2) the smaller value of the two toxin-survival rates (Onstad and Meinke 2010). I evaluated 
values for stoxRKSS ranging from 0.01 to 0.77 in a sensitivity analysis. Because I found less than 
2% difference in durability, I used 0.77 as our standard value for each toxin/locus. 
 For larvae on ears in refuge I use function 27 to calculate stoxAnthesis(g), toxin-survival 
rate after the date of anthesis. 
𝑠𝑡𝑜𝑥𝐴𝑛𝑡ℎ𝑒𝑠𝑖𝑠(𝑔) =  𝑃𝑟𝑜𝑝𝐶𝑟 ×  𝑠𝑡𝑜𝑥𝑅𝐾(𝑔)  +  (1.0 –𝑃𝑟𝑜𝑝𝐶𝑟) ×  1.0             (27)  
PropCr is the proportion of refuge contaminated by Bt pollen. For block-refuge scenarios, the 
proportion and toxin concentration of non-Bt-corn ears can be influenced by factors including 
refuge size, refuge shape, distance from the Bt corn plot, wind speed, wind direction, and pollen 
longevity (Chilcutt and Tabashnik 2004). For our simple model, I study a range of PropCr in 
block-refuge scenarios to determine how sensitive the model results are to pollen contamination. 
The standard value for PropCr is 0. For a seed blend plot, each non-Bt corn plant is expected to 
be located close to a Bt corn plant, so 100% of non-Bt ears can be fertilized by Bt pollen, which 
means that some kernels in all ears in a refuge are fertilized by pollen from Bt corn plants.  The 
standard value of PropCr for seed-blend refuge is 0. To study the effect of cross-pollination in a 
seed blend refuge, I compare the result of the simulation with the standard value of PropCr and 
that with 100% cross-pollination in a seed blend refuge. 
 
Larvae Feeding on Bt Ear 
Burkness et al. (2011) estimated that the survival rates of second instars feeding on 
Cry1Ab ears fertilized by Cry1Ab pollen and on Cry1Ab ear fertilized by non-Bt pollen are 
0.075 ± 0.053 and 0.029 ± 0.029, respectively, which are not significantly different. For the 
single-toxin scenario, I assume that the toxin-survival rate of the homozygous susceptible 
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feeding on a Bt ear, stoxBKSS, is 0.052 the mean of the two treatments described above. To be 
conservative, I assume that resistance confers 100% toxin survival (stoxBKRR = 1) in resistant 
homozygotes on Bt ears. The toxin-survival rate for heterozygotes is   
𝑠𝑡𝑜𝑥𝐵𝐾𝑅𝑆 = (𝑠𝑡𝑜𝑥𝐵𝐾𝑅𝑅 × ℎ𝐵𝐾) +  [𝑠𝑡𝑜𝑥𝐵𝐾𝑆𝑆 × (1 − ℎ𝐵𝐾)]                      (28) 
hBK is the dominance of resistance allele for larvae in Bt-ears. The standard value for hBK is 0.25. 
I studied a range of stoxBKSS and hBK. 
For the pyramided-toxin scenario, the toxin survival rate  is either the product of the two 
toxin-survival rates determined by the two loci or the smaller value of the two toxin-survival 
rates (Onstad and Meinke 2010). In a sensitivity analysis I evaluated a range of values for 
stoxAnthesis(g) = stoxBK(g)  from 0.001 to 0.23. Because the difference in durability was less than 
2%, I set the standard value for stoxBKSS = 0.23. 
 
Survival 
Onstad and Gould (1998b) estimated that the natural-density-independent survival rates 
of third instars, fourth instars, fifth instars, pupa, male moths, and female moths are 0.81, 0.81, 
0.81, 0.89, 1.0, and 1.0, respectively. The natural-density-independent survival rate of eggs is 
described in the oviposition section. The survival rates for the first and second instars are the 
product of the natural-density-independent survival rates, which are 1.0 for the first instars and 
0.81 for the second instars, and the toxin-survival rates. The survival rate of third instars is 
calculated by multiplying the natural-density-independent survival rate of third instars by 
density-dependent survival rate, which occurs in life stages experiencing significant competition. 
The survival rates for the fourth instars, the fifth instars, and pupae are the natural-density-
independent survival rates. 
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I assign a certain number of age cells to each life stage. Each day, the number of 
individuals in one cell in life stage is shifted to the next cell. During that shifting, the number of 
individuals is multiplied by 𝐵(1𝐶), where B is survival rate per life stage and C is the number of 
age cells in a life stage. When insects complete one life stage, the number of individuals in the 
last age cell in one life stage is shifted to the first age cell in the next life stage.   
The survival rates of third instars in the refuge plot and those in the Bt plot are separately 
calculated. A function for density-dependent survival of third instars is based upon data reported 
by Witkowski and Echtenkamp (1987). They sampled the number of second-generation egg 
masses per plant, and dissected corn plants to sample the number of live larvae in the plants 20 
days after the egg-mass sampling. To convert the mean numbers of egg masses per plant to the 
mean numbers of third instars per plant, 3.918 is multiplied by the mean number of egg masses 
per plant. (3.918 = 20 (the number of eggs per egg mass) × 0.95 (the probability of egg fertilized) 
× 0.95 (the probability of egg hatching) × ((0.76 (the probability of neonate moving away from 
non-Bt corn) × 0.1 (the survival rate due to movement)) + (0.24 (the probability of neonate 
staying on non-Bt corn) × 0.8 (the survival rate due to staying on the natal plant) )) × 1.0 (the 
survival rate of first instars on non-Bt corn) × 0.81 (the survival rate of second instars)). The data 
points indicating zero egg masses per plant were not used. The maximum egg-to-larvae survival 
rate for 20 days in the data is 0.3, so 0.3 is assumed to be the density-independent egg-to-third-
instar-larval-survival rate for the analysis. Egg-to-larvae survival rates for 20 days are divided by 
0.3 to calculate density-dependent survival rates. I applied a negative exponential function to 
describe the density-dependent-survival rate (Figure 2.3).  
𝐷𝐷𝑆 =  𝑒−0.1068 ×∑ 𝐷𝑡𝑡158           𝑤ℎ𝑒𝑛  𝑡 < 210        (29) 
𝐷𝐷𝑆 =  𝑒−0.1068 ×∑ 𝐷𝑡𝑡210           𝑤ℎ𝑒𝑛  𝑡 ≥ 210        (30) 
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DDS is density-dependent-survival rate and. 158 and 210 are the day simulation starts and the 
day second-generation eggs first appear, respectively. Dt is the number of individuals completing 
second stadium on day t. Equations 29-30 are for the first and the second generations, 
respectively. Due to the lack of data, the first- and second-generations are assumed to be affected 
by the same limitation in density-dependent survival. 
 
Insect Maturation 
Nine life stages (egg, five larval stadia, pupa, male and female adults) with constant rates 
of maturation are simulated. The developmental period for each life stage was estimated by 
averaging the first and second generation data collected in Illinois (Calvin et al. 1991, Mason et 
al. 1996). The pupal period, however, was estimated from Iowa data (7.6 days) (Calvin et al. 
1991, Mason et al. 1996) because that in Illinois was not investigated and the development of O. 
nubilalis in Iowa is similar to that in Illinois. Based upon this information and rounding to 
nearest integer, the duration of egg, first, second, third, fourth and fifth instars, and pupal stage 
were determined to be 6, 5, 5, 6, 10, 8, and 8 days, respectively. Female adults pass through a 4-
day pre-oviposition period before the 10-day period for oviposition (Caffrey and Worthley 1927, 
Huber et al. 1928, Bottger and Kent 1931, Sparks et al. 1966). The time step in the model is 1 
day, and the number of insects in each cell in life stages is transferred to the next cell with 
attrition each day. The first cell in the life stage receives the input to the life stage. 
 
Overwintering 
Post-diapause development of larvae, pupae, and adults in the following spring is not 
explicitly modeled due to the lack of data. Onstad and Gould (1998b) estimated that the 
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proportion of fifth instars surviving from October to May is 0.18. The number of second-
generation adults for a given genotype is the sum of the fifth instars in diapause multiplied by 
overwintering-survival rate and the survival rate for pupal stage (0.89) (Onstad and Gould 
1998b).  
 
Results 
 
Without Cross-pollination 
With single-toxin, the model predicts that it takes 38 years for the resistance allele 
frequency to exceed 0.5 with the 20% block and 20% seed-blend refuge (Figure 2.4). The 
comparison of 5% block refuge and 5% seed-blend refuge for pyramided corn is shown in Figure 
2.5. For pyramided toxin, when there is no refuge, the frequencies of two resistance alleles 
exceed 0.5 in five years if multiplicative-toxin-survival rates are used and 12 years if minimum-
toxin-survival rates are used. When the proportion of seed-blend refuge is 5%, the resistance 
allele frequencies exceed 0.5 in circa 64 years. Overall, without cross-pollination the seed-blend 
delays the evolution of resistance at least as well as a block refuge when examined with two 
separate population genetics scenarios. 
 
Cross-pollination in Refuge 
When 50% of ears in 20% block refuge are cross-pollinated, the resistance allele 
frequencies exceed 0.5 two years earlier than with 0% cross-pollination under single-toxin 
scenario. When 100% of non-Bt ears in a seed-blend are cross-pollinated, the resistance allele 
frequencies exceed 0.5 two years earlier under single-toxin scenario. Therefore, the proportion of 
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cross-pollinated ears in refuge has little effect on resistance evolution given our standard 
assumptions. 
The timing of toxin mortality during the larval stage is very important for model results 
(Tables 2.2 and 2.3). Generally, resistance evolution is delayed if some of the mortality is 
avoided with movement. This occurs because there is a high probability susceptible larvae move 
away from a Bt-corn plant (see TOXW, 1 versus 0.5, in Tables 2.2 and 2.3). The proportion of 
larvae moving to the corn ears (PIM) had only a slight influence on the results (Tables 2.2 and 
2.3). The value of PNIMr had no influence on the results. This indicates that the timing of intra-
plant movement is not very important. 
Neither the survival on non-Bt corn kernels nor the dominance of resistance when 
feeding on these cross-pollinated kernels influences the evolution of resistance. When the toxin 
survival rate of the homozygous susceptible larvae feeding on cross-pollinated kernels 
(stoxRKSS) is within a range of 0.01-0.6, there is 1-2 year difference in durability (<5%) for the 
scenarios with a single-toxin and a 20% block refuge. The same is true for the scenario with 
pyramided toxin and a 5% seed blend when stoxRKSS is within a range of 0.01-0.77. For both 
single-toxin and pyramided-toxin scenarios, changing the dominance hRK over its entire range 
had little impact on results; < 1 year change compared to values in Tables 2.2 and 2.3. 
I simulated a worst-case scenario with 100% cross-pollination of ears in seed-blend 
refuge, toxin mortality only for first instars, 40% of larvae move to non-Bt ears, only first instars 
move to non-Bt ears, stoxRKSS is 0.01 for single-toxin and pyramided-toxin scenarios, and the 
dominance of the resistance allele is 1.0. In this case, resistance evolves in 23 years under single-
toxin scenario with 20%-seed-blend refuge, and 59 years under pyramided-toxin scenario with 
5%-seed-blend refuge and multiplicative-toxin-survival rates. 
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Toxin Expression in Bt Corn Ear 
Resistance evolves circa five years earlier when neonates move to ears (PNIMBt = 1) than 
when movement occurs with first and second instars (PNIMBt = 0). When the proportion of 
larvae moving to ears on Bt corn (PIMBt) changes from 20% to 40%, the resistance allele 
frequency exceeds 0.5 five to six years faster under single-toxin scenario (Table 2.4), and six to 
eleven years faster under pyramided-toxin scenario (Table 2.5). Under the pyramided-toxin 
scenario, with standard dominance hBK is 0.25, the resistance allele frequencies do not exceed 0.5 
within 50 years in any combinations of PIMBt, PNIMBt, and TOXW (Table 2.5). As noted above 
for Tables 2.2 and 2.3, when toxin mortality occurs during first and second instars (TOXW = 
0.5), resistance evolves slower only when neonates move to Bt ears compared to when only 
second instars move to Bt ears (Tables 2.4 and 2.5). 
The survival of susceptible larvae on Bt-corn kernels has only a minor influence on 
results. When the toxin survival rate of the homozygous susceptible larvae feeding on cross-
pollinated kernels (stoxBKSS) is within a range of 0.001-0.1, there is 1-2 year difference in 
durability (<10%) for the scenarios with a single-toxin. With pyramided toxin and a 5% block 
refuge, varying stoxRKSS over the range 0.01-0.23, the results changed by no more than 5%.  
The dominance of resistance when feeding on these cross-pollinated kernels is much 
more important for evolution of resistance. For the single-toxin scenario, evolution occurs in 
circa 23 years with hBK = 1, but requires 41-46 years with hBK = 0, depending on the value of 
TOXW. Thus, recessive expression of resistance to kernel toxicity on Bt corn can double the 
time to resistance evolution compared to the completely dominant case. For the pyramided Bt 
corn scenario, the results are generally less sensitive to this parameter (Table 2.6), but still 
demonstrate the importance of this parameter. 
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The worst case scenario of reduced mortality on ears of Bt corn results in resistance 
evolution in 16 years under single-toxin scenario with 20% block refuge, and 56 years under 
pyramided-toxin scenario with 5% block refuge and multiplicative-toxin-survival rates. The 
worst-case parameters are stoxBKSS is 0.01 for single-toxin and  pyramided-toxin scenarios, 
toxin mortality occurs only during first-instar stage, 40% of larvae move to Bt ears, only first 
instars move to Bt ears, and the dominance of the resistance allele for larvae feeding on Bt-ears 
is 1.0. 
 
Discussion 
Our model results indicate that seed blends and block refuges of the same proportion can 
delay resistance by O. nubilalis to Bt corn equally well. This occurs because, in this model, O. 
nubilalis mates at random across blocks and the empirical data used in this study did not find 
differential selection due to larval genotype or movement in single-toxin corn, which is assumed 
for the pyramided toxin in this model (Moser et al. unpublished data). The warnings about less 
effective seed blends for Bt corn IRM made by Onstad and Gould (1998) and Davis and Onstad 
(2000) were based on the unsupported assumption that differential selection did occur due to 
larval movement by susceptible and heterozygous individuals.  
Resistance evolution is not significantly expedited by cross-pollination or O. nubilalis 
larval movement and survival on kernels of non-Bt corn for four reasons. First, ears are available 
only for the second generation of O. nubilalis in Illinois. Second, the proportion of refuge is 20% 
for single-toxin-trait corn or 5% for multiple-toxin-trait corn. Third, only a fraction of the second 
generation larvae are assumed to move to the ears. Fourth, mortality caused by toxins expressed 
in non-Bt ears, which are fertilized by Bt pollen, is not high.  
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The two most important processes identified by this modeling exercise are the timing of 
toxin mortality during the larval stages and the dominance of resistance to toxins expressed in 
kernels of Bt corn. Additional work on other corn pests is also needed because Bt-pollen drift in seed-
blend plantings may have a significant impact on the evolution of Bt resistance in insects which complete 
most of their Cry-toxin-susceptible-life stages on corn ears, including Helicoverpa zea and Striacosta 
albicosta (Burkness et al. 2011, Onstad et al. 2011). More ears in a seed blend refuge are subject to the 
fertilization by transgenic pollen than those in block refuge. Therefore, monitoring ear-feeding pests in 
seed blends is important, but plants in a seed-blend refuge are more difficult to locate and monitor than 
those in a block refuge (Onstad et al. 2011). 
The results of the model partially depend on the knowledge acquired from the 
experiments of Moser et al. (unpublished data). They studied movement and survival of three 
genotypes of larvae on one kind of transgenic corn. Prasifka et al. (2009, 2010) studied two 
genotypes of larvae under different conditions using another transgenic insecticidal corn trait. 
Prasifka et al. (2010) found that Cry1Ab resistant larvae had a higher probability of leaving a Bt 
corn plant for an adjacent non-Bt plant than did susceptible larvae. Yet Moser et al. (unpublished 
data) observed that susceptible larvae disperse from Cry1F-expressing corn more than Cry1F-
resistant larvae. Similarly, Goldstein et al. (2010) also determined that susceptible neonates 
frequently move from Bt corn and can establish on neighboring non-Bt corn.  In our model, the 
main factors of concern for insect resistance management are the movement and survival of 
heterozygotes, measured by Moser et al. (unpublished data).  The variety of observations for 
resistant larvae demonstrates the need for additional studies of larval movement by all possible 
genotypes of insect pests controlled by transgenic corn, and in particular larval movement in 
reproductive stage corn. 
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CHAPTER 3: DEVELOPMENT OF A SIMULATION MODEL REGARDING 
MATURATION DELAY AND SUBSEQUENT RESISTANCE EVOLUTION BY 
WESTERN CORN ROOTWORM, DIABROTICA VIRGIFERA VIRGIFERA 
(COLEOPTERA: CHRYSOMELIDAE) IN BT CORN 
 
Abstract 
An emergence delay and female-skewed-sex-ratios among adults of Diabrotica virgifera 
virgifera LeConte (Coleoptera: Chrysomelidae) from Bt corn have been reported in field studies. 
I used a simulation model to study the effect of a maturation delay and a female-skewed-sex-
ratio for D. v. virgifera emerging from Bt corn on the evolution of Bt resistance. Early 
emergence of resistant beetles from Bt corn accelerates evolution of Bt-resistance; however, an 
emergence delay among resistant beetles from Bt corn slows down resistance evolution.  A shift 
in the time of emergence for homozygous-susceptible beetles from Bt corn does not have a 
significant effect on the evolution of Bt-resistance in D. v. virgifera. Resistance to Bt evolves 
faster when males are more susceptible to Bt toxins than females. This simulation study 
suggested that an emergence delay for beetles in Bt corn is not a major concern for managing 
resistance by D. v. virgifera to single-toxin-or pyramided-Bt corn. 
 
Introduction 
The western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera, 
Chrysomelidae), is the most serious insect pest of corn in the midwestern United States (Levine 
and Oloumi-Sadeghi 1991). Diabrotica. v. virgifera is univoltine. The eggs overwinter in soil 
and begin to hatch in late May and early June (Levine and Oloumi-Sadeghi 1991). Larvae feed 
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on corn roots for 3 to 4 wks. Their feeding reduces water uptake and nutrient absorption, 
facilitates the entry of stalk- and root-infesting microorganisms, and makes plants susceptible to 
lodging (Levine and Oloumi-Sadeghi 1991), which leads to yield loss. Diabrotica. v. virgifera 
has a long history of developing resistance to a variety of insecticides (Ball and Weekman 1962, 
Metcalf 1983, Meinke et al. 1998) and has even developed behavioral resistance to crop rotation 
(Gray et al. 2009). Transgenic-corn hybrids expressing coleopteran-specific Bacillus 
thuringiensis toxins have been used to manage D. v. virgifera since 2003 (Onstad et al. 2011). 
The first field-evolved Bt resistance in D. v. virgifera was discovered in Iowa in 2009 
(Gassmann et al. 2011). 
Understanding pest behavior is critical to insect resistance management (IRM) and 
integrated pest management (IPM) (Onstad 2008), but quantification of adult behavior is 
challenging (Spencer 2005). The likelihood of mating between beetles emerging from Bt corn 
targeting D. v. virgifera and those from non-Bt corn is affected by spatial and temporal 
separation. The spatial dynamics of male and female beetle emergence from Bt and non-Bt corn 
on the evolution of Bt-resistance has been investigated in several studies (Storer 2003, Pan et al. 
2011). Field studies (Storer et al. 2006, Murphy et al. 2010, Hibbard et al. 2011) reported partial 
temporal separation between beetles emerging from Bt and non-Bt corn. They raised concerns 
regarding management of Bt-resistance in D. v. virgifera because the temporal shift decreases the 
frequency of mating between beetles emerging from Bt and non-Bt corn. 
Field and greenhouse studies showed that the sex ratios of beetles emerging in corn 
expressing Cry3Bb1 or Cry34/35Ab1 are usually more female-skewed than those for beetles 
emerging in non-Bt corn (Al-Deeb and Wilde 2005, Oyediran et al. 2005, Oyediran et al. 2007, 
Storer et al. 2006, Meinke et al. 2009, Murphy et al. 2010). If Bt toxins kill one sex more than 
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the other sex, the sex ratios of beetles emerging in Bt and non-Bt corn plots will differ. I used a 
simulation model to study the effects of (1) temporal separation between male and female beetle 
emergence from Bt and non-Bt corn, as well as (2) the skewed-sex-ratio of beetles emerging 
from Bt corn, on evolution of Bt-resistance in D. v. virgifera. 
 
Methods 
 
Simulation Model 
The overall algorithm of this model is shown in Figure 3.1. Our model is programmed in 
Microsoft Visual C++. The model’s spatial design, population genetics scenarios, toxin 
mortality, and the parameters of D. v. virgifera biology are described in the subsections that 
follow. 
 
Spatial Design 
The standard value for the proportion of the refuge (i.e. non-Bt corn) (propPlt non-Bt) was 
0.2 with single-trait-Bt corn and 0.05 with pyramided-Bt corn. The proportions of Bt and non-Bt 
corn were propPlt Bt and propPlt non-Bt, respectively. In the model, Bt and non-Bt corn seeds were 
planted annually as a seed blend in a 100-ha field: 79000 seeds were planted per 1 ha. Seed 
blends generally permit better mixing of adult D. v. virgifera genotypes than block refuges 
(Onstad et al. 2011). Data in Binning et al. (2010) and the modeling results produced by Pan et 
al. (2011) indicate that there is no reason to model larval movement when studying resistance 
evolution by D. v. virgifera because larval movement of D. v. virgifera does not significantly 
affect the evolution of Bt-resistance in this pest. 
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 Population Genetics and Toxin Mortality 
For simplicity, two unlinked, di-allelic-autosomal loci in D. v. virgifera were assumed to 
determine resistance to transgenic corn expressing Bt toxins for simplicity. The first and the 
second locus were assumed to provide resistance to the first and the second Bt toxin, 
respectively. Therefore, these loci determined the first (stox1 p, g) and the second toxin-survival 
rate (stox2 p, g), respectively, where plant type and genotype of insect were p and g, respectively. 
Transgenic corn expressing Cry3Bb1 does not effectively control larvae older than the 
first instar (EPA SAP 2002). For this reason, toxin mortality was applied before density-
dependent mortality occurred. The toxin-survival rate for homozygous-resistant larvae (R1R1 for 
the single toxin case or R1R1|R2R2 for the pyramided toxin case) has not been evaluated. I 
assumed that homozygous-resistant larvae had a toxin-survival rate, maxStox, of 1 for each 
insecticidal trait, which means that no mortality occurred among homozygous-resistant larvae. 
The effect of the maximum-toxin-survival rate on resistance evolution was studied with a range 
of maxStox from 0.25 to 1. The survival rate for homozygous susceptible larvae was minStox. 
Traits eCry3.1Ab, Cry34/35Ab1, Cry3Bb1, and mCry3A caused 99.97%, 96.48%, 98.49%, and 
97.83% reductions in beetle emergence relative to that from isoline corn, respectively (Hibbard 
et al. 2010, 2011; Storer et al. 2006). The standard value for minStox was set at 0.01 to reflect 
these data. If larvae were heterozygous at the first locus (R1S1) or at the second locus (R2S2), 
stox1 and stox2 were calculated by equation 1 and 2, respectively. 
𝑠𝑡𝑜𝑥1𝑝,R1S1 = (𝑚𝑎𝑥𝑆𝑡𝑜𝑥 × ℎ) + [𝑚𝑖𝑛𝑆𝑡𝑜𝑥 × (1 − ℎ)]          [1] 
𝑠𝑡𝑜𝑥2𝑝,R2S2 = (𝑚𝑎𝑥𝑆𝑡𝑜𝑥 × ℎ) + [𝑚𝑖𝑛𝑆𝑡𝑜𝑥 × (1 − ℎ)]          [2] 
where the dominance of a resistance allele was h. The standard values for h was 0.5. Toxin-
survival rate was stox1 in the single toxin case. 
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Pyramided-Bt corn expressing mCry3A and eCry3.1Ab caused a 99.91% reduction in 
beetle emergence relative to emergence from isoline corn (Hibbard et al. 2011). This emergence 
reduction was greater than the multiplication of the two toxin mortality caused solely by 
eCry3.1Ab or mCry3A. The hybrid of DAS59122-7 (Cry34/35Ab1) and MON88017 (Cry3Bb1) 
resulted in a 1.8 % toxin-survival rate, which was greater than the product of the two toxin-
survival rates attributable solely to each parental event (i.e. MON88017 and DAS59122-7) 
(Hibbard et al. 2011). For this study, the toxin survival rate for larvae in pyramided-Bt corn was 
the minimum of the two toxin-survival rates (i.e. stox1 and stox2) determined by the first and the 
second locus (Onstad and Meinke 2010). 
 
Sex-specific-toxin Mortality 
The sex ratio of D. v. virgifera is variable from year-to-year, and is not significantly 
affected by egg density; the effect of insecticides on the sex ratio has been inconsistent (Sutter et 
al. 1991). Field and greenhouse studies (Oyediran et al. 2005, 2007) showed that the proportion 
of female beetles emerging from Bt corn was greater than that of female beetles emerging from 
non-Bt corn. Oyediran (2007) reported that the proportion of female beetles emerging from Bt 
corn expressing Cry3Bb1 (91.7%) was greater than that of female beetles emerging from isoline 
corn (44.7%) at a Missouri field site in 2003. However, the difference between the proportion of 
female beetles emerging in Bt corn (83.78%) and that in isoline (70.62%) was not significant at 
the same site in 2004. Equations 3, 4, and 5 were used to determine sex-specific-toxin survival 
rates, sstox. For gender x, plant type p and genotype g, I accounted for potential differences in 
mortality that produce a variety of sex ratios in adults using the following functions. 
𝑠𝑠𝑡𝑜𝑥𝑝,𝑔,𝑥 = 𝑠𝑡𝑜𝑥𝑝,𝑔        𝑖𝑓 𝑠𝑡𝑜𝑥𝑝,𝑔 > 0.5      [3] 
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𝑠𝑠𝑡𝑜𝑥𝑝,𝑔,𝑚𝑎𝑙𝑒 = 𝑠𝑡𝑜𝑥𝑝,𝑔 + �𝑧𝑝,𝑔 × 𝑠𝑡𝑜𝑥𝑝,𝑔�       𝑖𝑓 0 ≤  𝑠𝑡𝑜𝑥𝑝,𝑔  ≤ 0.5        [4] 
𝑠𝑠𝑡𝑜𝑥𝑝,𝑔,𝑓𝑒𝑚𝑎𝑙𝑒 = 𝑠𝑡𝑜𝑥𝑝,𝑔 −  �𝑧𝑝,𝑔 × 𝑠𝑡𝑜𝑥𝑝,𝑔�         𝑖𝑓 0 ≤  𝑠𝑡𝑜𝑥𝑝,𝑔  ≤ 0.5        [5] 
sstox was less than or equal to 1. 
−1 < 𝑧𝑝,𝑔 ≤ 1         [6] 
I assumed that the proportion of females at the embryonic stage is 0.5. The sex ratio of beetles 
emerging from Bt corn is different from that of beetles from non-Bt corn if Bt toxins kill one sex 
more than the other sex. The parameter z p, g determined the distribution of toxin survival over 
two sexes. Equation 6 controlled a range of zp,g. The total number of insects controlled by toxins 
was not affected by z p,g. When z p,g was greater than 0, the toxin survival rate for males was 
greater than that for females, which means that the toxin killed more females than males. The 
toxin survival rate for females was greater than that for males if z p,g was less than 0. If z p,g was -
1 or 1, only larvae of one sex survived. The standard value for z was chosen to be -0.5, which 
was based on data in Oyediran (2007). The number of young larvae was calculated by equation 7 
and 8. 
𝑙𝑎𝑟𝑝,𝑔,𝑚𝑎𝑙𝑒 = 𝑒𝑔𝑔𝑝,𝑔 × 𝑠𝑠𝑡𝑜𝑥𝑝,𝑔,𝑚𝑎𝑙𝑒 × (1 − 𝑝𝑓)      [7] 
𝑙𝑎𝑟𝑝,𝑔,𝑓𝑒𝑚𝑎𝑙𝑒 = 𝑒𝑔𝑔𝑝,𝑔 × 𝑠𝑠𝑡𝑜𝑥𝑝,𝑔,𝑓𝑒𝑚𝑎𝑙𝑒 × 𝑝𝑓          [8] 
 
Natural-survival Rate 
Density-dependent mortality was assumed to occur after toxin mortality.  
𝑜𝐿𝑎𝑟𝑝,𝑔,𝑥 = 𝑙𝑎𝑟𝑝,𝑔,𝑥 × 𝑆𝑢𝑟𝑅𝑎𝑡𝑝      [9] 
where the number of larvae after density-dependent mortality was oLar p,g,x. A natural-survival 
rate was SurRat p. Hibbard et al. (2010) showed that the density-dependent effect on egg-to-adult 
survival rate was significant if the number of eggs per 30.5cm of row was greater than 800. The 
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unit of egg density was converted by using the description of an experiment in Hibbard et al. 
(2010) to calculate a density-independent-survival rate by using equations 10 and 11. The unit of 
egg density was converted from the number of eggs per 30.5cm row to the number of eggs per 
plant by multiplying 0.625 (= ((3.05m / 0.305m) × 4 rows) / 64 plants) by the number of eggs 
per 30.5cm row. If the number of eggs per corn plant was equal to or greater than 500 
(=800×0.625), survival rate was calculated by equation 11. Equation 11 was derived by applying 
a negative exponential model (model (y=a×ebx), p=0.01, R2=0.39; a: t=7.04, p<0.05; b: t=-2.52, 
p<0.05) to data in Figure 4 from Hibbard et al. (2010). 
𝑆𝑢𝑟𝑅𝑎𝑡𝑝 = 0.0519,      if ∑ ∑ 𝑙𝑎𝑟𝑝,𝑔,𝑥𝑥𝑔7900000×𝑝𝑟𝑜𝑝𝑃𝑙𝑡𝑝  <  500            [10] 
𝑆𝑢𝑟𝑅𝑎𝑡𝑝 =  0.0513 × e−0.0006× ∑ ∑ 𝑙𝑎𝑟𝑝,𝑔,𝑥𝑥𝑔7900000×𝑝𝑟𝑜𝑝𝑃𝑙𝑡𝑝     𝑖𝑓 ∑ ∑ 𝑙𝑎𝑟𝑝,𝑔,𝑥𝑥𝑔7900000 × 𝑝𝑟𝑜𝑝𝑃𝑙𝑡𝑝 ≥ 500            [11] 
where 
∑ ∑ 𝑙𝑎𝑟𝑝,𝑔,𝑥𝑥𝑔
7900000×𝑝𝑟𝑜𝑝𝑃𝑙𝑡𝑝 was the total number of larvae per plant after Bt toxin mortality. The 
number of corn plants in 100 ha was 7900000. A natural-survival rate was SurRat p. 
 
Maturation Delay 
The cumulative distribution function (CDF) of the normal distribution, F (t; µ, σ2), was 
used to depict the temporal pattern of emergence of male or female beetles from Bt and non-Bt 
corn. The parameters t, µ, and σ2 were time, the center of temporal distribution of beetle 
emergence, and the variance of temporal distribution of beetle emergence, respectively. The 
difference in parameter estimates, which were µ and σ, was tested by using dummy variables. 
Function nlinfit in Matlab® was used for the nonlinear regression analyses. 
Hibbard et al. (2011) studied emergence of beetles from isoline corn, and from transgenic 
corn expressing mCry3A, eCry3.1Ab, and one expressing both mCry3A and eCry3.1Ab by using 
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screen tents at five sites in Central Missouri (Figure 3.2). Data in Figure 1 in Hibbard et al. 
(2011) were collected by using Engauge Digitalizer for analysis. The mean emergence time for 
beetles from transgenic corn expressing mCry3A, eCry3.1Ab, or both toxins was greater than 
that for beetles from isoline corn (model with three dummy variables: F=1855.97, p<0.01, 
R2=0.99, isoline vs. mCry3A: µ: t=16.14, p<0.01, isoline vs. eCry3.1Ab: µ: t=27.90, p<0.01, 
isoline vs. (mCry3A × eCry3.1Ab): µ: t=17.03, p<0.01). The standard deviation of emergence 
time for beetles from isoline corn was greater than that for beetles from pyramided corn 
(mCry3A × eCry3.1Ab), while it was not significantly different from that for beetles from 
transgenic corn expressing mCry3A or eCry3.1Ab (isoline vs. mCry3A: σ: t=-1.50, p=0.14, 
isoline vs. eCry3.1Ab: σ: t=-1.94, p=0.06, isoline vs. (mCry3A × eCry3.1Ab): σ: t= 8.28, 
p<0.01). The mean emergence time for beetles from pyramided corn (mCry3A × eCry3.1Ab) 
was less than that for beetles from transgenic corn expressing eCry3.1Ab, but the difference 
between the means from transgenic corn expressing mCry3A and from pyramided corn (mCry3A 
× eCry3.1Ab) was not significant (model with two dummy variables: F=1439.36, p<0.01, 
R2=0.99, (mCry3A × eCry3.1Ab) vs. mCry3A: µ: t=-0.47, p=0.64, (mCry3A × eCry3.1Ab) vs. 
eCry3.1Ab: µ: t=11.75, p<0.01). The standard deviation of emergence time for beetles from 
pyramided corn (mCry3A × eCry3.1Ab) was less than that for beetles from transgenic corn 
expressing mCry3A or eCry3.1Ab ((mCry3A × eCry3.1Ab) vs. mCry3A: σ: t=5.94, p<0.01, 
(mCry3A × eCry3.1Ab) vs. eCry3.1Ab: σ: t=4.76, p<0.01). Based upon these analyses, the effect 
of transgenic corn expressing two Bt toxins was assumed not to be different from that of the 
transgenic corn expressing one Bt toxin. 
Murphy et al. (2010) evaluated beetle emergence from transgenic corn expressing 
Cry3Bb1 and transgenic corn not expressing Cry3Bb1 in plots with a 20% seed blend refuge at 
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two sites in Tippecanoe Co., IN (Figure 3.3). Emergence cages were used for sampling. The 
mean emergence time for male beetles from transgenic corn expressing Cry3Bb1 was greater 
than that for male beetles from transgenic corn not expressing Cry3Bb1 in 2007 and 2008 (2007: 
model with a dummy variable: F=1522.09, p<0.01, R2=0.99, µ: t=7.28, p<0.01; 2008: model 
with a dummy variable: F=13348.26, p<0.01, R2=0.99, µ: t =8.57, p<0.01). The difference 
between the standard deviation of emergence time for male beetles from transgenic corn 
expressing Cry3Bb1 and that for male beetles from transgenic corn not expressing Cry3Bb1 was 
not significant in 2007 and 2008 (2007: σ: t=-1.25, p=0.21; 2008: σ: t=1.34, p=0.19). The mean 
emergence time for female beetles from transgenic corn expressing Cry3Bb1 was greater than 
that for female beetles from transgenic corn not expressing Cry3Bb1 in 2007 and 2008 (2007: 
model with a dummy variable: F=1440.25, p<0.01, R2=0.99, µ: t=6.01, p<0.01; 2008: model 
with a dummy variable: F=9087.94, p<0.01, R2=0.99, µ: t=2.92, p<0.01). The standard deviation 
of emergence time for female beetles from transgenic corn expressing Cry3Bb1 was not 
significantly different from that for female beetles from transgenic corn not expressing Cry3Bb1 
in 2007 (σ: t=0.35, p=0.73). However, the standard deviation of emergence time for female 
beetles from transgenic corn expressing Cry3Bb1 and that for female beetles from transgenic 
corn not expressing Cry3Bb1 were significantly different in 2008 (σ: t =-2.88, p<0.01). The 
mean emergence time for female beetles from transgenic corn expressing Cry3Bb1 was greater 
than that for male beetles from transgenic corn expressing Cry3Bb1 in 2007 and 2008 (2007: 
model with a dummy variable: F=1545.78, p<0.01, R2=0.99, µ: t =13.86, p<0.01; 2008: model 
with a dummy variable: F=17085.40, p<0.01, R2=0.99, µ: t =32.44, p<0.01). The standard 
deviation of emergence time for female beetles from transgenic corn expressing Cry3Bb1 was 
significantly greater than that for male beetles from transgenic corn expressing Cry3Bb1 in 2007 
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and 2008 (2007: σ: t=4.13, p<0.01; 2008: σ: t=6.42, p<0.01). The mean emergence time for 
female beetles from transgenic corn not expressing Cry3Bb1 was greater than that for male 
beetles from transgenic corn not expressing Cry3Bb1 in 2007 and 2008 (2007: model with a 
dummy variable: F=1456.55, p<0.01, R2=0.99, µ: t=13.91, p<0.01; 2008: model with a dummy 
variable: F=7935.24, p<0.01, R2=0.99, µ: t=25.09, p<0.01). The difference between the standard 
deviation of emergence time for female beetles from transgenic corn not expressing Cry3Bb1 
and that for male beetles from transgenic corn not expressing Cry3Bb1 was not significant in 
2007 (σ: t = 2.68, p = 0.01), but it was significant in 2008 (σ: t = 8.16, p < 0.01).  
For these reasons, Bt toxins were assumed to affect the mean emergence time, but the 
standard deviation of emergence time was assumed not to be influenced by Bt toxins. For this 
model, the mean emergence times for male and female beetles from non-Bt corn were the 
averages of the mean emergence time for male and female beetles from transgenic corn not 
expressing Cry3Bb1 in 2007 and 2008 (Male beetle: Julian day 201.91; Female beetle: Julian 
day 209.83). The proportion of male and female beetles emerging per day was calculated once 
per day by equation 12 and 13, respectively. 
𝑝𝑟𝑜𝑝𝐴𝑝,𝑔,𝑚𝑎𝑙𝑒(𝑡) = 𝐹�𝑡, �201.91 +  𝐷𝑒𝑙𝑝,𝑔,𝑚𝑎𝑙𝑒�, 8.332� −  𝐹�(𝑡 − 1), �201.91 + 𝐷𝑒𝑙𝑝,𝑔,𝑚𝑎𝑙𝑒�, 8.332�        [12] 
𝑝𝑟𝑜𝑝𝐴𝑝,𝑔,𝑓𝑒𝑚𝑎𝑙𝑒(𝑡) = 𝐹�𝑡, �209.83 +  𝐷𝑒𝑙𝑝,𝑔,𝑓𝑒𝑚𝑎𝑙𝑒�, 11.112� −  𝐹�(𝑡 − 1), �209.83 + 𝐷𝑒𝑙𝑝,𝑔,𝑓𝑒𝑚𝑎𝑙𝑒�, 11.112�         [13] 
where the proportion of a sex, x, of a genotype, g, of beetles emerging in a type of plant, p, at 
time, t, was propA p, g, x (t).  The proportion of emerging beetles was calculated daily. The delay 
of adult emergence of a sex, x, of a genotype of larvae, g, in a type of plant, p, was Del p, g, x. The 
standard deviations of emergence time for male and female beetles were the averages of standard 
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deviation of emergence time for male and female beetles from transgenic corn expressing 
Cry3Bb1 and transgenic corn not expressing Cry3Bb1 in 2007 and 2008 (Male beetle: 8.33 days; 
Female beetle: 11.11 days). Figure 3.4 shows the time shift of beetle emergence in this model. 
 
Population Genetics Scenarios for Maturation Delay 
The standard values for parameters regarding the maturation delay were based on 
Murphy et al. (2010). The most susceptible genotypes to Bt toxins (i.e. S1S1 in the one-toxin 
case and S1S1|S2S2 in the two-toxin case) were assumed to show the greatest degree of delay for 
adult emergence (one-toxin case: Del Bt1, S1S1, male = maxDel male, Del Bt1, S1S1, female = maxDel female; 
two-toxin case: Del Bt2, S1S1|S2S2, male = maxDel male, Del Bt2, S1S1|S2S2, female = maxDel female). The 
standard value of maxDel male was 3, which is the average of the difference between the mean 
emergence time for male beetles from transgenic corn expressing Cry3Bb1 and the one not 
expressing Cry3Bb1 in 2007 and 2008. The standard value of maxDel female was 2, which is the 
average of the difference between the mean emergence time for female beetles from transgenic 
corn expressing Cry3Bb1 and the one not expressing Cry3Bb1 in 2007 and 2008. The most 
resistant genotypes to Bt toxins, which are R1R1 in the single-toxin case and R1R1|R2R2 in the 
pyramided-toxin case, were assumed to show the smallest degree of delay for adult emergence 
(single-toxin case: Del Bt1, R1R1, male = minDel male, Del Bt1, R1R1, female = minDel female; pyramided-
toxin case: Del Bt2, R1R1|R2R2, male = minDel male, Del Bt2, R1R1|R2R2, female = minDel female). The standard 
values of minDel male and minDel female were 0. Intermediate degree of delay for adult emergence 
was assumed to occur for genotypes that are moderately resistant to Bt toxins (single-toxin case: 
Del Bt1, R1S1, male = midDel male, Del Bt1, R1S1, female = midDel female; pyramided-toxin case: Del Bt2, 
R1S1|R2S2, male = Del Bt2, R1R1|R2S2, male= Del Bt2, R1S1|R2R2, male= Del Bt2, R1S1|S2S2, male = Del Bt2, S1S1|R2S2, male 
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= midDel male, Del Bt2, R1S1|R2S2, female = Del Bt2, R1R1|R2S2, female= Del Bt2, R1S1|R2R2, female= Del Bt2, R1S1|S2S2, 
female = Del Bt2, S1S1|R2S2, female = midDel female). midDel male and midDel female were calculated by 
equation 14 and 15, respectively. 
𝑚𝑖𝑑𝐷𝑒𝑙𝑚𝑎𝑙𝑒 = (𝑚𝑖𝑛𝐷𝑒𝑙𝑚𝑎𝑙𝑒 × ℎ𝐷𝑒𝑙𝑚𝑎𝑙𝑒)+[𝑚𝑎𝑥𝐷𝑒𝑙𝑚𝑎𝑙𝑒 × (1 − ℎ𝐷𝑒𝑙𝑚𝑎𝑙𝑒)]          [14] 
𝑚𝑖𝑑𝐷𝑒𝑙𝑓𝑒𝑚𝑎𝑙𝑒 = �𝑚𝑖𝑛𝐷𝑒𝑙𝑓𝑒𝑚𝑎𝑙𝑒 × ℎ𝐷𝑒𝑙𝑓𝑒𝑚𝑎𝑙𝑒�+�𝑚𝑎𝑥𝐷𝑒𝑙𝑓𝑒𝑚𝑎𝑙𝑒 × �1 − ℎ𝐷𝑒𝑙𝑓𝑒𝑚𝑎𝑙𝑒��        [15] 
where the dominance of the resistance allele for delayed adult emergence of males and females 
in Bt corn were hDel male and hDel female, respectively. The standard values for hDel male and hDel 
female were 0.5. Several scenarios of time shift for adult emergence from Bt corn were studied by 
changing the values for maxDel male, maxDel female, minDel male, minDel female, hDel male, and hDel 
female. The range of maxDel male, maxDel female, minDel male, and minDel female for sensitivity 
analyses ranged from -28 days to 28 days. The effect of great degrees of an emergence delay 
(>14 days) or early emergence (<-14 days) on resistance evolution was studied for theoretical 
purposes. The time shift for beetle emergence was assumed not to occur for all genotypes 
emerging from non-Bt plants (Del non-Bt, g, x = 0). The number of newly emerging beetles was 
calculated by equation 16. 
𝑎𝑑𝑡𝑝,𝑔,𝑥,0 = 𝑝𝑟𝑜𝑝𝐴𝑝,𝑔,𝑥(𝑡) × 𝑜𝐿𝑎𝑟𝑝,𝑔,𝑥 × 𝑆𝑢𝑟𝑅𝑎𝑡𝑝         [16] 
The natural survival rate of larvae on a type of plant, p, was SurRat p. The number of beetles of a 
sex, x, of a genotype, g, at age, a, emerging from a type of plant, p, was adt p, g, x, a. The 
proportion of a sex, x, of a genotype, g, of beetles emerging in a type of plant, p, at time, t, was 
propA p, g, x (t). The number of larvae after density-dependent mortality was oLar p,g,x. 
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Female Beetles 
Female beetles typically mate only once (Cates 1968), frequently within 24 h of 
emergence while still light-colored teneral adults (Marquardt and Krupke 2009). Quiring and 
Timmins (1990) studied the proportion of mated teneral-female beetles by counting the number 
of mating pairs in field cages at two fields in Harrow or Elora, Ontario, Canada. Spermatophores 
in the bursa copulatrix of female beetles were checked by dissection to confirm that mating had 
occurred because spermatophores are distinguishable in the bursa copulatrix of female beetles for 
approximately 5-7 days after mating (Lew and Ball 1980).  The Quiring and Timmins (1990) 
data were pooled across fields to calculate the proportion of mating teneral-female beetles. The 
proportions of teneral and non-teneral female beetles with spermatophores were 46.58% and 
83.23%, respectively. Female beetles remain teneral for 24 hours after emergence (Cates 1968). 
For this reason, teneral-female and non-teneral-female beetles were considered 0-1-day-old and 
greater-than-1-day-old, respectively. The proportions of 1-, and 2-day-old-virgin-female beetles 
mating (propM (a)) were chosen to be 0.4658 and 0.5342, respectively. Accordingly, 100% of 
virgin-female beetles were assumed to have mated by 2 days after emergence. propM (a) was 
calculated daily. If a was greater than 2, propM (a) was 0. 
 
Male Beetles 
Decline in the mating ability of male beetles due to age can affect resistance evolution by 
D. v. virgifera if beetle emergence from Bt and non-Bt corn is not synchronous (Kang and 
Krupke 2009). I used data from Quiring and Timmins (1990) to build a model for calculating the 
probability of mating for male beetles at a particular age. In the Quiring and Timmins (1990) 
study, one male and two young, virgin female beetles were placed in a screen-covered cage. Two 
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female beetles were replaced with two new young, virgin female beetles daily. Young corn 
leaves, ears, and tassels were provided in cages for the first 6 days, and then solely young leaves 
were provided for food thereafter. These data were chosen for two reasons. First, the sex ratio of 
males and virgin females in their field cages was female-skewed. Second, the diet provided to 
males was similar to the diet that male beetles utilize in the field. Corn ears and tassel material 
are available to male beetles in the field for a limited period. Data points shown in Figure 8 (a) 
from Quiring and Timmins (1990) were acquired by using Engauge digitalizer 4.1, and analyzed 
using linear regression (model: F=26.36, p<0.01, R2=0.39, slope: t=-5.13, p<0.01, intercept: 
t=8.46, p<0.01). (Figure 3.5). Equation 17 was used to calculate the probability of a mating male. 
𝑚𝑎𝑙𝑒𝑃(𝑎) = −0.0123 × 𝑎 + 0.5122              [17] 
where the probability of mating-male beetles at age, a, was maleP(a). If maleP(a) calculated by 
equation 17 was less than 0, maleP(a) was 0. Equation 18 was used to calculate daily the 
proportion of a genotype, g, of mating male beetles, propPg. 
𝑝𝑟𝑜𝑝𝑃𝑔 = ∑ ∑ 𝑚𝑎𝑙𝑒𝑃(𝑎)×𝑎𝑑𝑡𝑝,𝑔,𝑚𝑎𝑙𝑒,𝑎 32𝑎=0𝑝∑ ∑ ∑ 𝑚𝑎𝑙𝑒𝑃(𝑎)×𝑎𝑑𝑡𝑝,𝑔,𝑚𝑎𝑙𝑒,𝑎 32𝑎=0𝑔𝑝         [18] 
where, the number of beetles of a sex, x, of a genotype, g, of beetles at age, a, emerging from a 
type of plant, p, was adt p, g, x, a. The maximum age for mating for male beetles was 42 days, 
which was estimated by using equation 16 with the estimated parameters. The indices pg and p 
were a paternal genotype and a plant type, respectively. Age of adults, which is a in adt p, g, x, a, 
increased daily by 1. 
 
Mating 
A male beetle emerging from either a Bt or non-Bt plant in a seed blend was assumed to 
have an equal chance of mating with a female beetle emerging from non-Bt or Bt plants. 
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Equation 19 was used to daily calculate a genotype, mg, of female beetles, which mate with a 
genotype, pg, of male beetles, laying a genotype, g, of eggs. 
𝑚𝑡𝐹𝑒𝑚 𝑔,𝑎 =   ���𝑝𝑟𝑜𝑏𝑂𝑓𝑓 𝑔,𝑝𝑔,𝑚𝑔 × 𝑝𝑟𝑜𝑝𝑃 𝑝𝑔  × 𝑝𝑟𝑜𝑝𝑀(𝑎)  
𝑚𝑔𝑝𝑔𝑝× 𝑎𝑑𝑡𝑝,𝑚𝑔,𝑓𝑒𝑚𝑎𝑙𝑒,𝑎       [19] 
Where the number of mated-female beetles of a genotype, g, at age, a, was mtFem g, a. Age of 
mated-female beetles increased daily by 1. The probability of offspring of a genotype, g, derived 
from female beetles of a genotype, mg, mating with male beetles of a genotype, pg, was probOff 
g,pg,mg. A Mendelian function was used to calculate probOff g,pg,mg. The proportion of a genotype, 
pg, of mating male beetles was propPpg. The proportion of mating female beetles at age, a, was 
propM (a). 
 
Oviposition 
The mean duration of the preoviposition period estimated by Branson and Johnson (1973) 
is 14.3 days. Time step for oviposition was 1 day for this model; the preoviposition period for 
this model was chosen to be 14 days. 
𝑝𝑟𝑜𝑝𝑂𝑉(𝑎) = 0            , 𝑖𝑓 𝑎 < 15                   [20] 
The proportion of oviposition by female beetles at age, a was propOV (a). Branson and Johnson 
(1973) studied oviposition of field-collected D. v. virgifera in the laboratory. The relationship 
between the proportion of eggs laid per female every 10 days and the age of a female beetle at 
the midpoint of this period was described by a linear model shown in equation 21 (model: 
F=55.56, p<0.01, slope: t=-7.45, p<0.01, intercept: t=13.22, p<0.01) (Figure 3.6). 
𝑝𝑟𝑜𝑝𝑂𝑉(𝑎) =  [−0.0013 × (𝑎 − 15) + 0.1631] × 0.1 × 0.9935  , if 𝑎 ≥ 15          [21] 
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where a scaling factor to make the total proportion of eggs laid by a female beetle 1 was 0.9935. 
If propOV (a) was less than 0, propOV (a) was 0. Because the number of eggs laid per female 
beetle every 10 days was divided by the total number of eggs laid, 0.1 was multiplied with the 
linear model to derive the daily proportion. Equation 21 distributed a greater proportion of 
oviposition for old-female beetles than does the daily oviposition function (6×(t-13)×e-0.115×(t-13)) 
used in Onstad et al (2001). The fecundity for this study and Onstad et al (2001) was 440, which 
was the average number of viable eggs laid by a female beetle throughout its lifetime under 
realistic nutritional condition (Boetel and Fuller 1997). The number of eggs laid by female 
beetles was calculated by equation 22. 
𝑒𝑔𝑔𝑝,𝑔 =  �𝑝𝑟𝑜𝑝𝑃𝑙𝑡𝑝 × �𝑝𝑟𝑜𝑝𝑂𝑉(𝑎) × 440 × 𝑚𝑡𝐹𝑒𝑚𝑔,𝑎122
𝑎=1
�           [22] 
where a genotype, g, of eggs on a type of plant, p, was egg p, g. The maximum age of female 
beetles ovipositing was 122 days, according to equation 21. 
Oviposition continues until the time of frost (Ball 1957). First fall frost dates of 
Springfield, IL, South Bend, IN, and Cedar Rapids, IA in 2011 were 13 October, 19 October, and 
6 October, respectively (National climatic data center, http://lwf.ncdc.noaa.gov/oa/ncdc.html). 
The average of these three dates is Julian day 287, which was the date on which oviposition 
stopped for this model. Eggs laid in the late summer and fall do not hatch until the following 
spring (Ball 1957). Eggs overwinter in the soil, and they hatch through late May and early June 
(Levine and Oloumi-Sadeghi 1991). Onstad et al. (2001) analyzed overwintering rates reported 
in Godfrey (1995), and concluded that overwintering-egg-survival rate is 50% [24]. 
𝑒𝑔𝑔𝑝,𝑔 = 𝑒𝑔𝑔𝑝,𝑔 × 0.5    [24] 
 
48 
 
Initial Population 
The standard values for the initial frequencies of the resistance alleles were 10-4. The 
initial egg genotypic frequencies followed a Hardy-Weinberg distribution. The average number 
of beetles per corn plant in northern and central Illinois, which were at risk of potential D. v. 
virgifera injury in first-year corn, was 0.17 in 2011 (Gray 2011). Thus, the initial density of eggs 
per corn plant in standard simulations was 37.4 (= 0.17 the number of adults per corn plant × 0.5 
(the proportion of female beetles) × 440 (the number of eggs laid by a female beetle)). The 
average numbers of beetles per corn plant in Lee and McLean counties were 0.64 and 0.81 in 
2012 (Gray et al. 2012). The economic threshold (beetles per plant) for first-year cornfields is 
0.5, and the economic threshold for continuous corn production systems is 0.75 to 1.0 beetles per 
plant (Godfrey and Turpin 1983). The initial number of eggs per corn plant ranged from 20 to 
320 in a sensitivity analysis. Each year lasted 287 days from 1 January to 13 October. 
Simulations lasted 100 years. 
 
Results 
Resistance was considered to evolve if the frequency of a resistance allele exceeded 0.5. 
Durability in this study was defined as the number of years required for the frequency of a 
resistance allele to increase from the initial allele frequency to 0.5.  
 
Single-toxin-Bt Corn 
The effect of toxin-survival rates and refuge on resistance evolution was studied with 
maturation parameters at their standard settings described in Table 3.1. In the range of the initial 
resistance allele frequency from 10-5 to 10-3, resistance to single-toxin-Bt corn evolved within 20 
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years when the proportion of non-Bt corn in a seed-blend was less than or equal to 0.3 and the 
rest of the parameters were at their standard setting (Table 3.2).  Resistance to single-toxin-Bt 
corn did not evolve within 28 years when the dominance of the resistance allele (h) was less than 
or equal to 0.1, the maximum toxin-survival rate (maxStox) was less than or equal to 1, and the 
proportion of refuge in a seed blend was greater-than-or-equal-to 20% (Table 3.3). If the 
maximum toxin-survival rate was 1, the durability of single-toxin-Bt corn was 0-2 years greater 
when the minimum-toxin-survival rate (minStox) was 0.01 than when the minimum-toxin-
survival rate was 0.001. If the dominance of the resistance allele was greater than or equal to 0.5 
and the proportion of refuge in a seed blend was 20%, resistance of D. v. virgifera to Bt corn 
expressing one toxin evolved within 11 years. In a 50% seed blend, it took 26 years for 
resistance to one Bt toxin to evolve when the minimum-toxin-survival rate was 0.001 and the 
dominance of the resistance allele was 1. The duration for the resistance allele frequency to 
increase from 3% to 50% was studied to estimate the effect of the proportion of blended refuge 
on the time lapse between the time the field-evolved resistance is first detected and the time the 
resistance allele frequency exceeds 0.5. In a single-toxin case, depending on the minimum-toxin-
survival rate and the dominance of the resistance allele, it took approximately 4 years, 5 to 10 
years, and 15 to >24 years for the resistance allele frequency to increase from 3% to 50% when 
the proportion of blended refuge was 20%, 30%, or 50%, respectively. 
The evolution of resistance to single-toxin-Bt corn was not sensitive to the density of the 
initial population. When all parameters were at their standard setting, resistance to single-toxin-
Bt corn evolved 1 year earlier when the initial number of eggs per corn plant was 20 than when 
the initial number of eggs per corn plant was 320. 
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Pyramided-Bt Corn 
Resistance to pyramided-Bt corn did not evolve within 20 years in a 5% seed-blend when 
the initial resistance allele frequencies were less than or equal to 1.0×10-4 and the remaining 
parameters were held at their standard setting. Resistance to pyramided-Bt corn evolved within 
22 years if the dominance of a resistance allele (h) was greater than or equal to 0.5 and the 
proportion of non-Bt corn in a seed blend was 5% (Table 3.4 and 3.5). It took approximately 3 
years for the resistance allele frequencies for two Bt toxins, respectively, to increase from 0.03 to 
0.5 when the proportion of non-Bt corn in a seed blend was 5%, while it took 5 years when the 
proportion of non-Bt corn in a seed blend was 20%. 
The evolution of resistance to pyramided-Bt corn was not sensitive to the density of the 
initial population. When all parameters were at their standard setting, resistance to pyramided-Bt 
corn evolved in 22 years in the range of the initial number of eggs per corn plant 20 to 320. 
 
Sex-specific-toxin Survival 
Resistance evolution was not significantly influenced by the susceptibility of the sexes to 
Bt toxins (Figure 3.7). When z, which determined the distribution of toxin survival over two 
sexes, was greater than 0, the toxin survival rate for males was greater than that for females, 
which means that the toxin killed more females than males. Resistance evolved faster when 
males are more susceptible to Bt toxin than females (z < 0). The difference between the 
durability of Bt toxin with z = -0.9 and that with z = 0 was 0 year in the single-toxin case and 1 
year in the pyramided-toxin case. Resistance evolved slower when females were more 
susceptible to the Bt toxin than males (z > 0). 
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Maturation Delay 
The effects of a maturation delay or early emergence were studied with toxin-mortality 
parameters at their standard settings.  The emergence delay for beetles from Bt corn reported in 
the two field studies (i.e. less-than-9-days delay of emergence for beetles in Bt corn) (Murphy et 
al. 2010, Hibbard et al. 2011) did not significantly reduce the durability of single-toxin- or 
pyramided-Bt corn in the scenarios simulated for this study. Every 4-day emergence delay of 
beetles of all genotypes from Bt corn delayed resistance evolution by approximately 1 year (9%) 
in the case of single-toxin corn (Figure 3.8). In the case of pyramided-toxin corn, every 1.8-day 
emergence delay of beetles of all genotypes from Bt corn delayed evolution of Bt-resistance by 
approximately 1 year (8%) (Figure 3.9). If there was an emergence delay of homozygous 
resistant and heterozygous beetles (i.e. R1R1 and R1S1 in the case of single-toxin-Bt corn and 
R1R1|R2R2, R1S1|R2R2, R1R1|R2S2, R1S1|R2S2, S1S1|R2S2, and R1S1|S2S2 genotypes in 
the case of pyramided-Bt corn) from Bt corn, resistance to Bt corn evolved more slowly.  
Bt-resistance evolved faster if the emergence of beetles of the homozygous susceptible 
genotype from Bt corn was delayed. However, the effect of an emergence delay of homozygous 
susceptible beetles from Bt corn on Bt-resistance evolution was not significant. The durability of 
single-toxin- and pyramided-Bt corn was not significantly affected by a 1-to-28-day emergence 
delay of beetles of the homozygous susceptible genotype from Bt corn.  
The effect of an emergence delay for male or female beetles from Bt corn on resistance 
evolution is shown in Figure 3.10. The evolution of Bt-resistance was delayed when there was a 
maturation delay of all genotypes of male or female beetles from Bt corn. 
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Early Emergence 
Resistance evolution was accelerated by approximately 1 year for every 9.3-day early 
emergence of beetles of all genotypes from Bt corn in the case of single-toxin corn. Every 4-day 
early emergence of beetles of all genotypes from Bt corn expedited evolution of Bt-resistance by 
approximately 1 year in the case of pyramided-Bt corn. Resistance to single-toxin-Bt corn 
evolved faster if there was early emergence of homozygous resistant and heterozygous beetles 
from Bt corn.  
Resistance evolved slightly, but not significantly, slower if there was early emergence of 
beetles of the homozygous susceptible genotype from Bt corn. The durability of single-toxin-Bt 
corn was not significantly affected by a 1-to-28-day early emergence of beetles of the 
homozygous susceptible genotype from Bt corn. The durability of pyramided-Bt corn increased 
by 1 year if the emergence of homozygous susceptible beetles from Bt corn was 14 days earlier. 
Early emergence for female beetles from Bt corn accelerated resistance evolution. A 
moderate degree of early emergence for male beetles from Bt corn accelerated resistance 
evolution, but extreme early emergence for male beetles from Bt corn delayed resistance 
evolution. In the case of single-toxin-Bt corn 1-to-29-day-early emergence for male beetles from 
Bt corn accelerated resistance evolution, but 30-day-early emergence for male beetles from Bt 
corn delayed resistance evolution. In the case of pyramided-Bt corn, 1-to-27-day-early 
emergence for male beetles from Bt corn accelerated resistance evolution, but 28-day-early 
emergence for male beetles from Bt corn delayed resistance evolution. 
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Discussion 
Female beetles of D. v. virgifera are capable of laying eggs for over 100 days (Branson 
and Johnson 1973). Oviposition stops by the time of frost (Ball 1957), which is Julian day 287 in 
this model. Consequently, earlier emergence can be expected to increase the likelihood that 
individual females maximize their reproductive output. For example, if there is an emergence 
delay for female beetles from Bt corn, those females have less time for oviposition than females 
from non-Bt corn. Therefore, the number of eggs laid by a female beetle emerging from Bt corn 
is likely to be less than those laid by one emerging from non-Bt corn. If there is an emergence 
delay for male beetles from Bt corn, these late-emerging-males mate with females which then 
have less time for oviposition than female beetles mating with male beetles in non-Bt corn. This 
results in decreased fitness of male beetles emerging from Bt corn.  
The number of matings per male beetle from Bt corn and the fitness of mates changes as 
the emergence of male beetles from Bt corn shifts. If there is early emergence of male beetles 
from Bt corn, the number of matings per male beetle from Bt corn decreases, but the fitness of a 
mate increases due to greater time for oviposition for early-emerging female beetles. A moderate 
level of early emergence for male beetles from Bt corn accelerates resistance evolution, but a 
significant degree of early emergence for male beetles from Bt corn slows down resistance 
evolution. For example, in the case of male beetles from pyramided-Bt corn emerging over-28-
days earlier, such an early emergence significantly reduces the number of matings per male 
beetle from Bt corn. This reduction in the number of matings resulted in reduced fitness of male 
beetles from Bt corn. Reduced fitness of male beetles from Bt corn delayed evolution of 
resistance to Bt toxins. 
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The effect of maturation delay of D. v. virgifera in Bt corn in cornfields with a block 
refuge or a row-strip refuge on resistance evolution was studied by Onstad et al. (2001) and Pan 
et al. (2011). Onstad et al. (2001)’s model simulated 3-to-9-day-emergence delay for 
homozygous-susceptible beetles from transgenic corn in the field with row strip or block refuges, 
and concluded that an emergence delay by susceptible beetles and configuration of the refuge 
significantly accelerates the evolution of resistance by D. v. virgifera. Pan et al. (2011)’s model 
simulated a 7-to-14-day-emergence delay for heterozygous and homozygous-susceptible beetles 
from Bt corn in the field with a seed blend or block refuge. They showed that this type of 
maturation delay slightly delayed the evolution of Bt-resistance by D. v. virgifera. Our study 
supports Pan et al. (2011). 
This study is not without some limitations. First, our model simulated the effect of 
temporal asynchrony of beetle emergence from Bt corn and non-Bt corn on resistance evolution 
without considering spatial separation of beetles emerging from Bt and non-Bt corn, which is 
affected by refuge configuration. Secondly, the physiological changes that may be caused by an 
extended maturation period in these insects was not modeled. Some physiological changes in 
beetles may affect the mating dynamics of beetles emerging from Bt and non-Bt corn. The 
proportion of mating males was assumed to be affected only by age for this model. However, an 
extended maturation period may affect male competition (Spencer et al. 2012). Low mating 
ability/opportunities of late-emerging male beetles or low fecundity of late-emerging female 
beetles may be consequences of an extended maturation period. Third, sub-lethal effects of Bt 
toxins, excluding a maturation delay, were not modeled for this study. This model assumed that 
Bt toxins affect only survival rate and maturation. The various and undocumented potential sub-
lethal effects of Bt toxins should be studied in field situations in the future to improve IRM 
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modeling for D. v. virgifera. 
This simulation study suggested that an emergence delay for beetles in Bt corn is not a 
major concern for managing resistance by D. v. virgifera to Bt corn. However, this may not be 
the case for managing D. v. virgifera resistance to transgenic corn encoding Dvsnf7 dsRNA 
targeting mRNA (Bolognesi et al. 2012), which encodes an essential protein involved in 
intracellular trafficking. This is because the degree of an emergence delay for beetles (if there is 
one) may be greater than the maximum degree of an emergence delay for beetles in transgenic 
corn for this study. Furthermore, the mechanism(s) of D. v. virgifera resistance to DvSnf7 
dsRNA is unknown. Because this technology is likely to become part of the pest management 
arsenal deployed against D. v. virgifera by the end of this decade, it is clear that knowledge 
concerning the characteristics and emergence patterns of the beetles from transgenic corn 
encoding DvSnf7 dsRNA will be essential. By the same token, elucidating the mechanisms of D. 
v. virgifera resistance to DvSnf7 dsRNA (ideally prior to design of refuges and commercial 
release of corn hybrids with this genetic modification) will improve strategies to manage D. v. 
virgifera resistance to transgenic corn encoding DvSnf7 dsRNA. 
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CHAPTER 4: THE EFFECT OF TRANSGENIC COWPEA EXPRESSING A 
MATURATION-DELAYING TOXIN AND AN INSECTICIDE ON THE EVOLUTION 
OF RESISTANCE BY THE COWPEA WEEVIL, CALLOSOBRUCHUS MACULATUS 
(COLEOPTERA: BRUCHIDAE) 
 
Abstract 
The cowpea weevil, Callosobruchus maculatus F. (Coleoptera: Bruchidae), can cause up 
to 100% yield loss of stored cowpea seeds in a few months in West Africa. Genes expressing 
toxins delaying insect maturation (MDTs) are available for genetic engineering. A simulation 
model was used to investigate the possible use of MDTs for managing C. maculatus. 
Specifically, I studied the effect of transgenic cowpea expressing a MDT, an insecticide, or both, 
on the evolution of resistance by C. maculatus at constant temperature. Transgenic cowpea 
expressing a non-lethal MDT causing 50% maturation delay did not prevent 98% yield loss by C. 
maculatus for one year. Transgenic cowpea expressing a lethal MDT causing 50% maturation 
delay and 90% mortality protected 80% of yield for one year at 25°C, but its durability was only 
three years. Mortality caused by a maturation delay improves the efficacy of transgenic cowpea 
expressing only a lethal MDT, but significantly reduces the durability of transgenic cowpea if the 
heterozygotes at the locus controlling resistance to a lethal MDT survive more than the 
homozygous susceptible individuals. I concluded that transgenic cowpea expressing only a MDT 
has little value for managing C. maculatus. The resistance by C. maculatus to transgenic cowpea 
expressing only an insecticide rapidly evolves. Stacking a gene expressing a non-lethal MDT and 
a gene expressing an insecticide in transgenic cowpea did not significantly improve the 
durability of an insecticide, but stacking a gene expressing a lethal MDT and a gene expressing 
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an insecticide in transgenic cowpea significantly improved the durability of an insecticide and a 
MDT. I also discuss this approach within the emerging idea of using transgenic RNAi in pest 
control strategies. 
 
Introduction 
Cowpea, Vigna unguiculata (L.) Walp, is a valuable source of dietary proteins, vitamins, 
and minerals since the beginning of agriculture in many countries of Africa, Asia and Latin 
America (Singh et al. 1978). The cowpea weevil, Callosobruchus maculatus F. (Coleoptera: 
Bruchidae), can cause up to 100% yield loss of harvested cowpea seeds in a few months in 
storages in West Africa (Lienard and Seck 1994). In fact, a 1-2% initial field infestation by C. 
maculatus can result damage up to 100% of cowpea seeds in storage within 3 to 5 months (Singh 
1980, Redden et al. 1984). Insecticide applications have been the most common methods for 
controlling C. maculatus (Baoua et al. 2012), and the hermetic sealing of the grains through a 
“triple bagging” technique has been used to reduce postharvest loss by this pest (Baoua et al. 
2012a & 2012b, Murdock et al. 2012).  
Current insect pest management relies heavily on the use of transgenic Bacillus 
thuringiensis (Bt) crops (Haq et al. 2004). However, the insect pest management strategies 
incorporating insecticides may not be effective in the future due to insect resistance to 
insecticides and there are many insect pest species that are not impacted by Bt toxins. Thus, Bt 
does not represent a “catch all” transgenic factor for insect control across a great diversity of 
species.  Other plant traits, for species where Bt toxins are not readily available for insect 
control, may be needed to be identified and adapted for future transgenic pest management 
strategies targeting species that are not susceptible to any readily available Bt toxins. 
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Genetic transformation of cowpea has been a reality over the past decade (Chaudhury et 
al. 2007).  However, cowpea is attacked by a complex of pest species and only one Bt, Cry1AB, 
has been demonstrated to be effective against a pest of cowpea, Maruca vitrata (Adesoye et al. 
2008). However, with the advent of transgenic cowpea, the question emerges as to what 
additional transgenic control strategies may be used to manage the other pests of cowpea. 
Therefore, alternative strategies should be investigated to improve sustainability in 
cowpea production. One strategy is to incorporate genes expressing maturation-delaying toxins 
(MDT) into crops. Many compounds in plants are known to delay maturation of C. maculatus. 
Low concentrations of dietary Phaseolus vulgaris α-amylase inhibitor inhibit larval maturation 
of the cowpea weevil (Ishimoto and Kitamura 1989). Lectins from rice, Oryza sativa, wheat 
germ, Triticum aestivum, potato tuber, Solanum tuberosum, seeds from peanuts, Arachis 
hipogea, thorn apple, Datura stramonium, and osage orange, Maclura pomifera, showed a 
negative effect on the maturation of larvae of the cowpea weevil (Murdock et al. 1990, Huesing 
et al. 1991). 
Genes expressing MDTs, such as protease inhibitors, α-amylase inhibitors, and plant 
lectins, are available for genetic engineering (Haq et al. 2004). However, some lectins are highly 
toxic to mammals (Pusztai wt al. 1986, Bardocz et al. 1995, Kordas et al. 2000), and transgenic 
pea, Pisum sativum, expressing α-amylase inhibitor caused a minimal, but significant, 
detrimental effect on the nutritional value of peas (i.e. lower body water content and dry matter 
digestibility) fed to rats (Pusztai et al. 1999). The first stable genetic transformation of cowpea 
and expression of co-integrated genes in the progeny of the transgenic cowpea were done by 
Popelka et al. (2006). Genes expressing α-amylase inhibitors were introduced to cowpea and pea, 
and the effect of the transgenic cowpea and pea expressing α-amylase inhibitors on C. maculatus 
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was demonstrated (Shade et al. 1994, Solleti et al. 2008). For example, Solleti et al. (2008) 
reported approximately 66% toxin mortality and reduced adult longevity of C. maculatus reared 
on transgenic cowpea expressing α-amylase inhibitor-1, αAI-1. Shade et al. (1994) showed 0-
0.75 survival rates and maturation delay in C. maculatus reared on four transgenic pea lines 
expressing α-amylase inhibitor, αAI-Pv, and suggested that the prospects for practical 
improvements in seed protection through genetic transformation were encouraging. 
Insects can evolve resistance to compounds delaying maturation. For example, insect 
species are known to adapt to protease inhibitors (Jongsma and Bolter 1997); possible evolution 
of C. maculatus resistance to transgenic protease inhibitors cannot be ruled out. Thus, if insect 
pest management strategies using maturation-delaying compounds are to go forward, they need 
to include the a priori development of an insect resistance management (IRM) plan. Prior to the 
development of such transgenic strategies, exploration of potential IRM plans may reveal the 
usefulness or limitations of such strategies. For example, the use of juvenile-hormone-analog in 
IPM showed that insects can evolve resistance to compounds affecting their development 
(Sutherland et al. 1995, Zelhof et al. 1995, Feyereisen 1998). Thus, there is certainly precedence 
for resistance to compounds that impact maturation.  
The commercial use of RNAi for controlling coleopteran pests was demonstrated via oral 
RNAi in transgenic plants (in planta RNAi) (Baum et al. 2007). The systemic silencing of a Hox 
gene affecting development was showed in the milkweed bug Oncopeltus fasciatus Dallas 
(Heteroptera: Lygaeidae) (Hughes and Kaufman 2000). If dsRNA expressed in transgenic 
cowpea targets a gene, which affects development, in C. maculatus, mortality and a maturation 
delay can be caused by the transgenic cowpea. Forecasting the durability of transgenic cowpea 
expressing dsRNA silencing a gene in C. maculatus would be indispensable in the process of 
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developing a transgenic cowpea expressing dsRNA for managing C. maculatus.  However, it is 
important to note that several different mechanisms of resistance to dietary RNAi arte known, 
including failure to process RNAi targeting somatically expressed genes, as has been 
demonstrated in Caenorhabditis elegans (Ketting et al. 1999, Tabara et al. 1999, Kumsta and 
Hansen 2012).  Although, C. elegans is not an insect system, it does show that resistance to 
dietary RNAi is a real possibility through multiple mechanisms. 
However, before beginning to develop such transgenic control strategies using non-Bt’s 
proteins or RNAi which delay developmental times, the potential for evolution of resistance 
should be addressed computationally.  For this study, I used a simulation model to investigate the 
efficacy of transgenic cowpea that expresses a toxin (MDT) (or dsRNA) delaying insect 
maturation, an insecticide, or both, as well as the evolution of resistance by C. maculatus to 
transgenic cowpea. 
 
Methods 
Processes in the simulation model (Figure 4.1) are described in this section. The first 
subsection describes the population genetics scenarios. The effects of compounds expressed in 
transgenic cowpea on C. maculatus are explained in the second through the fourth subsections. 
The fifth through the eighth subsections depict the biology of C. maculatus. The ninth 
subsections describe the cowpea cropping season and yield loss caused by C. maculatus. The 
initial conditions for simulations are described in the last subsection.  
Most of over 3 million tons of cowpea grain is grown on small farms in West and Central 
Africa (Langyintuo et al 2003). Each farmer in Senegal stores 100-200 kg of cowpea (Pierrad 
1986). The modeled system consisted of one cowpea crop field (156.52m2) grown each year 
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(days 1-74) that yields approximately 200 kg. Cowpea seeds stored in a bin from day 75 of one 
year to day 74 of the next year (365 days per year) (Figure 4.2). All old seed was discarded when 
the current year’s harvested seeds were added (day 75). The pest infested both the crop in the 
field and seeds in the storage bin. The maturation of the four C. maculatus life stages: egg, larva, 
pupa, and adult, was influenced by a constant environmental temperature (25°C is standard 
condition in both field and storage bin) and calculated at a time step, ∆𝑡, of 0.1 day. Seeds were 
destroyed by the pest in both the field and in storage. Callosobruchus maculatus entered the bin 
only as eggs, larvae, or pupae within seeds, but flight-form weevils could leave the bin at any 
time. New cowpea crops in the field were reinfested by flight-form weevils escaping from the 
storage between day 1 and 74. 
The proportion of a cowpea type, s, planted in the field each year was propC s. The 
standard proportion of non-transgenic cowpeas (refuge, non) planted in the field each year, 
propC non, was 0.2. The proportion of refuge ranged from 0-0.5 in a sensitivity analysis. Three 
types of transgenic cowpea were simulated separately: 1) cowpea expressing a MDT (mdt), 2) 
cowpea expressing an insecticide (it), and 3) cowpea expressing both (mdt+it). 
 
Population Genetics 
An unlinked-di-allelic-autosomal locus in C. maculatus was assumed to control the 
resistance to each chemical. The first locus with allele R1 determined resistance to a MDT, and 
the resistance to an insecticide was controlled by allele R2 at the second locus. Susceptible 
alleles at the first and the second loci were S1 and S2, respectively. Mutations did not occur after 
start of simulations. 
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Maturation-delaying Toxin (MDT) 
A MDT was assumed to delay maturation of larvae and pupae, but not adults, in 
transgenic cowpea expressing a MDT. A MDT did not delay the maturation of the homozygous 
resistant individuals at the first locus (R1R1) (msf mdt,R1R1=1). The maturation-scaling factor for a 
genotype (g) in a type of cowpea (s) was msf s, g. There was the greatest delay in maturation for 
the homozygous-susceptible individuals at the first locus (S1S1), which feed on a MDT. The 
standard value for msf mdt,S1S1 was 1.5. This means that the maturation time for S1S1 larvae and 
pupa on transgenic cowpea is 50% greater than that for S1S1 on conventional cowpea and and 
50% greater than that for R1R1 on transgenic cowpea. The effect of msf mdt,S1S1 on resistance 
evolution was studied by using a sensitivity analysis. The range of the parameter msf mdt,S1S1 in a 
sensitivity analysis was 1.2 to 2. Equation 1 determined the maturation-scaling factor for the 
heterozygotes at the first locus, which feed on the MDT. 
𝑚𝑠𝑓𝑚𝑑𝑡,R1S1 = �𝑚𝑠𝑓𝑚𝑑𝑡,R1R1 × ℎ1� +  �𝑚𝑠𝑓𝑚𝑑𝑡,S1S1 × (1 − ℎ1)�          [1] 
where the dominance of the resistant allele at the first locus for delay of maturation was  h1. The 
standard value for h1 was 0.25. The range of h1 in a sensitivity analysis was 0.0 to 1.0. There 
was no maturation delay for larvae and pupae in non-transgenic cowpea (msf non, g=1) or for 
those in transgenic cowpea expressing only an insecticide (msf it,g=1). The maturation-scaling 
factors for genotypes in pyramided cowpea expressing a MDT and an insecticide were the same 
as those for genotypes in cowpea expressing only a MDT (msf mdt+it, g=msf mdt, g). 
 
Maturation-delay-survival Rate 
Maturation-delay-survival rate, smtox s, g, was a survival rate affected by a MDT. 
Maturation-delay-survival rate was applied between the egg and larva stages. A MDT cannot 
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cause maturation-delay-mortality for R1R1 (smtox mdt,R1R1=1). The standard value of the 
maturation-delay-survival rate for S1S1, which feed on cowpea expressing a MDT, (smtox 
mdt,S1S1) was 1.0. The range of smtox mdt,S1S1 in a sensitivity analysis was from 10-3 to 1. The 
maturation-delay-survival rate for the heterozygotes at the first locus in cowpea expressing a 
MDT was determined by equation 2. 
𝑠𝑚𝑡𝑜𝑥𝑚𝑑𝑡,𝑅1𝑆1 = �𝑠𝑚𝑡𝑜𝑥𝑚𝑑𝑡,R1R1 × ℎ1𝑚� +  �𝑠𝑚𝑡𝑜𝑥𝑚𝑑𝑡,S1S1 × (1 − ℎ1𝑚)�          [2] 
where the dominance of the resistant allele at the first locus for maturation-delay-survival rate 
was h1m. The standard value for h1m was 0.5. The range of h1m in a sensitivity analysis was 0 
to 1.0. The maturation-delay mortality did not occur for insects in non-transgenic cowpea or in 
transgenic cowpea expressing only an insecticide. The maturation-delay-survival rates of 
genotypes in pyramided cowpea expressing a MDT and an insecticide were the same as those of 
genotypes in cowpea expressing only a MDT (smtox mdt+it, g=smtox mdt, g).  
 
Insecticide 
The toxin-survival rate was applied to the larva stage. The toxin-survival rate for a 
genotype (g) in a type of cowpea (s) was stox s, g. An insecticide caused the maximum toxin 
mortality for the homozygous susceptible individuals (S2S2) at the second locus (stox it,S2S2=10-
3). I assumed that the R2R2 were not killed by an insecticide (stox it,R2R2=1). The toxin-survival 
rate for the  heterozygotes at the second locus (R2S2) feeding on the insecticide was determined 
by equation 3. 
𝑠𝑡𝑜𝑥𝑖𝑡,R2S2 = �𝑠𝑡𝑜𝑥𝑖𝑡,R2R2 × ℎ2� + �𝑠𝑡𝑜𝑥𝑖𝑡,S2S2 × (1 − ℎ2)�          [3] 
where the dominance of the resistant allele at the second  locus is h2. The standard value for h2 
was 0.01. The range of h2 in a sensitivity analysis was 0 to 1.0. There was no toxin mortality for 
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insects in non-transgenic cowpea or cowpea expressing only a MDT (stox non, g=1.0, stox mdt, 
g=1.0). The toxin-survival rate for genotypes in pyramided cowpea expressing a MDT and an 
insecticide were the same as those of genotypes in cowpea expressing only an insecticide (stox 
mdt+it, g=stox it, g). Toxin-survival rates were applied to the larva stage, the maturation subsection 
describes how toxin-survival rates were applied during the larva maturation. 
 
Maturation 
Female beetles cement eggs onto seeds, and larval growth and pupation are completed 
within a single seed (Craig Stillwell & Fox 2007). Four life stages (i.e. egg, larva, pupa, and 
adult) were simulated. The time step for the model was 0.1 day. The box-train method (Wit and 
Goudriaan 1978) was used for maturation of immature insects and adults. Each cohort of 
individuals passes through a series of cells representing the ageing process. The number of cells 
in each life stage is calculated by dividing the temperature-based, maturation period by the time 
step. The number of insects in each cell in life stages was shifted to the next cell with attrition 
each time step. During that shifting, the number of individuals was multiplied by B(1/C), where 
the survival rate per life stage and the number of age cells in a life stage were B and C, 
respectively. The first cell in the life stage received the input to the life stage from the previous 
stage. 
During the transfer from the output from the egg stage to the input to the larval stage, the 
output from the egg stage was multiplied by toxin-survival rates (stox) and maturation-delay-
survival rates (smtox) because mortality caused by toxins was assumed to occur before density-
dependent mortality occurs. 
𝑁𝑒𝑜𝑙,𝑠,𝑔 = 𝑠𝑡𝑜𝑥𝑠,𝑔 × 𝑠𝑚𝑠𝑡𝑜𝑥𝑠,𝑔 × 𝑒𝑔𝑔𝑂𝑢𝑡𝑙,𝑠,𝑔    [4] 
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where the number of neonates Neo l, s, g, was used in the calculation of density-dependent 
survival below. The output from the egg stage was eggOut l, s, g. Neonates were also the 
instantaneous input to the larva stage calculated by equations 5, 6, 7, 8. 
𝑙𝑎𝑟𝐼𝑛𝑙,𝑠,𝑔,𝑚𝑎𝑙𝑒,𝑓𝑙𝑖𝑔ℎ𝑡 = 𝑚𝑜𝑟𝑥 × 0.5 × 𝑁𝑒𝑜𝑙,𝑠,𝑔    [5] 
𝑙𝑎𝑟𝐼𝑛𝑙,𝑠,𝑔,𝑓𝑒𝑚𝑎𝑙𝑒,𝑓𝑙𝑖𝑔ℎ𝑡 = 𝑚𝑜𝑟𝑥 × 0.5 × 𝑁𝑒𝑜𝑙,𝑠,𝑔    [6] 
𝑙𝑎𝑟𝐼𝑛𝑙,𝑠,𝑔,𝑚𝑎𝑙𝑒,𝑓𝑙𝑖𝑔ℎ𝑡𝑙𝑒𝑠𝑠 = (1 −𝑚𝑜𝑟𝑥) × 0.5 × 𝑁𝑒𝑜𝑙,𝑠,𝑔    [7] 
𝑙𝑎𝑟𝐼𝑛𝑙,𝑠,𝑔,𝑓𝑒𝑚𝑎𝑙𝑒,𝑓𝑙𝑖𝑔ℎ𝑡𝑙𝑒𝑠𝑠 = (1 −𝑚𝑜𝑟𝑥) × 0.5 × 𝑁𝑒𝑜𝑙,𝑠,𝑔    [8] 
where the input to the larva stage was larIn l, s, g, x, m. Sex and morph were x and m, respectively. 
The proportion of flight-form (flight) insects was 𝑚𝑜𝑟𝑥, which was calculated by equations 20, 
21. Flight-form insects were flightless. Equations for the proportion of flight-form insects are 
described in the flight and flightless forms subsection. The proportion of each sex was 0.5. 
The durations of egg, larval, and pupal stages in days at 25C and 30C were obtained from 
Tables 2, 6, and 11 in Paddock and Reinhart (1919). The durations of egg, larval, and pupal 
stages at 25°C were 6.6, 18.2, and 8.2 days respectively. At 30°C, the durations of egg, larval, 
and pupal stages were 3.8, 10.5, and 4.7 days respectively. I assumed that a MDT delays larva 
and pupa maturation. The maturation time of larvae and pupae was the product of m ls and msf s, 
g. A scaling factor for maturation was msf. Life stage, seed type, and genotype are ls, s, and g, 
respectively. Maturation time was rounded off to the nearest tenth. 
The equations for the longevity of two forms of each sex of adults were derived by 
analyzing the data in Table 3 from Utida (1972) with linear regression. The longevity (days) of a 
morph, m, of a sex, x, of adults was calculated by equations 12, 13, 14, and 15. 
𝑙𝑔𝑣𝑚𝑎𝑙𝑒,𝑓𝑙𝑖𝑔ℎ𝑡𝑙𝑒𝑠𝑠 =  −0.33 × 𝑡𝑚𝑝 + 18.21      [12] 
𝑙𝑔𝑣𝑚𝑎𝑙𝑒,𝑓𝑙𝑖𝑔ℎ𝑡 =  −0.66 × 𝑡𝑚𝑝 + 33.43     [13] 
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𝑙𝑔𝑣𝑓𝑒𝑚𝑎𝑙𝑒,𝑓𝑙𝑖𝑔ℎ𝑡𝑙𝑒𝑠𝑠 =  −0.29 × 𝑡𝑚𝑝 + 16.16    [14] 
𝑙𝑔𝑣𝑓𝑒𝑚𝑎𝑙𝑒,𝑓𝑙𝑖𝑔ℎ𝑡 =  −0.66 × 𝑡𝑚𝑝 + 32.53       [15] 
where temperature is tmp. The adult longevity was rounded off to the nearest tenth. The number 
of cells for the adult stage was the adult longevity divided by the time step. These are the 
statistics for equations 12, 13, 14, 15:  Flight-form male beetle: Model: F=31.97, p<0.01, 
R2=0.94, Slope: t=-5.65, p=0.03, Intercept: t=10.17, p<0.01; Flightless-form male beetle: Model: 
F=35.62, p<0.01, R2=0.95, Slope: t=-5.97, p=0.03, Intercept: t=11.59, p<0.01; Flight-form 
female beetle: Model: F=263.55, p<0.01, R2=0.99, Slope: t=-16.23, p<0.01, Intercept: t=30.25, 
p<0.01; Flightless-form female beetle: Model: F=27.60, p<0.01, R2=0.93, Slope: t=-5.25, 
p=0.03, Intercept: t=10.29, p<0.01. 
 
Natural-survival Rate 
The function for determining the probability of egg hatching was equation 16. 
𝑒𝑔𝑔ℎ𝑎𝑡𝑐ℎ(𝑡𝑚𝑝) = (0.02 × 𝑡𝑚𝑝) − 0.1    [16] 
where temperature (°C) was tmp. The standard temperature for this model was 25°C. Equation 
16 was derived by applying a linear model to the data in Table 3 from Utida (1972) (Model: 
F=16.03, p<0.01, R2=0.67; Slope: t=4.00, p<0.01; Intercept: t=-0.74, p=0.48). 
To mimic the cumulative reduction in seed mass available to support feeding by larvae 
and to mimic the competition amongst larvae for the food, I chose to represent cumulative 
influence of larval density with the cumulative number of neonates calculated after accounting 
for insecticidal mortality. I assumed that the competition for food is the same during an entire 
life stage regardless of the speed of maturation. The cumulative number of neonates per period in 
a type of cowpea (s) in a location (l) was cl l, s. There were pre-harvest and post-harvest periods 
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(Figure 4.2). The pre-harvest period was the 74 days of the cowpea cropping season. The post-
harvest period was the 365 days of storing cowpea seeds in the storage. On day 1 of each year, 
the cumulative number of neonates per the pre-harvest period (cl fld, s) starts at 0 and then was 
calculated for each time step (=0.1 day) during the cowpea cropping season (1≤t<75). The 
cumulative variable was re-set to 0 at the first time step on day 75, the day for harvest, after the 
cumulative number of neonates per the post-harvest period (cl strg, s) was set. All old seeds in the 
storage were disposed of when the current year’s harvested seeds were added (day 75), and the 
cumulative number of neonates per the post-harvest period (cl strg, s) was set to the cumulative 
number of neonates per the pre-harvest period (cl fld, s) (cl strg, s = cl fld, s) when immature insects 
and cowpea seeds moved from the field to the storage after harvest at the first time step on day 
75. The cumulative number of neonates per the post-harvest period (cl strg, s) was calculated for 
each time step during 365 days of the post-harvest period (75≤t≤365 of one year and 1≤t<75 of 
the next year). The cumulative numbers of neonates per the pre-harvest (cl fld, s) and post-harvest 
periods (cl strg,s) were calculated by equation 17 and 18, respectively, for each time step (=0.1 
day). 
𝑐𝑙𝑓𝑙𝑑,𝑠(𝑡 + ∆𝑡) = 𝑐𝑙𝑓𝑙𝑑,𝑠(𝑡) + �𝑁𝑒𝑜𝑓𝑙𝑑,𝑠,𝑔(𝑡)𝑡𝑔
𝑔=1
   𝑖𝑓 1 ≤ 𝑡 < 75        [17] 
𝑐𝑙𝑠𝑡𝑟𝑔,𝑠(𝑡 + ∆𝑡) = 𝑐𝑙𝑠𝑡𝑟𝑔,𝑠(𝑡) + �𝑁𝑒𝑜𝑠𝑡𝑟𝑔,𝑠,𝑔(𝑡)𝑡𝑔
𝑔=1
       [18] 
where genotype and the total number of genotypes were g and tg. The equation for calculating 
the number of neonates (Neo l,s,g)  after incurring insecticidal mortality is described in the 
maturation subsection. 
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C. maculatus density is low in fields (Booker 1967), but the density in storage bins can 
increase to levels that cause serious yield loss within 3 to 5 months (Redden et al. 1984, Singh 
1980, Germain et al. 1987). The survival rate per life stage (B) for the larvae in the storage and 
the field was the multiplication of the density-independent-survival rate and a density-dependent-
survival rate per stage. Natural-survival rates and the function for calculating a density-
dependent survival rate for larvae in the storage and the field (dds l,s) were based on Bellows 
(1982). The density-independent-(larvae-to-adult)-survival rate evaluated by Bellows (1982) was 
0.63. Howe and Currie (1964) observed less than 1% mortality in the cowpea seed for old larvae 
maturing to adulthood.  Thus, the natural survival rates for larvae and pupae were set to 0.64 and 
0.99, respectively, to control the density-independent-larval-to-adult-survival rate in this model 
0.63. I used the density-dependent-survival rate function for C. maculatus from Bellows (1982) 
to calculate the rate for larvae in a cowpea type, s, in a location, l, dds l,s.  
𝑑𝑑𝑠𝑙,𝑠 =  1
1+�0.003972× 𝑐𝑙𝑙,𝑠 ×15
1879699×𝑝𝑟𝑜𝑝𝐶𝑠�1.9503            [19] 
Where the total number of cowpea seeds was 1879699. Bellows (1982) measured the number of 
insects per approximately 15 cowpea seeds. The proportion of a cowpea type, s, planted in the 
field each year was propC s. The proportion of a cowpea type did not change over time. The 
cumulative number of neonates per period was cl l, s. 
 
Polyphenism 
Larval density affects the polyphenism (flight- (flight) or flightless-form (flightless)) of 
C. maculatus (Utida 1972). The following models were used to describe the density-dependent 
polyphenism shown in Figure 5 from Utida (1972) (Male: Model: F=28.37, p<0.01, R2=0.85, 
Slope: t=9.73, p<0.01; Female: Model: F=53.64, p<0.01, R2=0.91, Slope: t=13.96, p<0.01). 
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Equation 20 and 21 determined the proportions of flight-form male and female beetles, 
respectively. Flightless forms were the additive inverse. 
𝑚𝑜𝑟𝑚𝑎𝑙𝑒 = 0.0557 × 𝑐𝑙𝑙,𝑠1879699 × 𝑝𝑟𝑜𝑝𝐶𝑠                 [20] 
𝑚𝑜𝑟𝑓𝑒𝑚𝑎𝑙𝑒 = 0.0539 × 𝑐𝑙𝑙,𝑠1879699 × 𝑝𝑟𝑜𝑝𝐶𝑠              [21] 
where the proportion of flight-form beetles was mor x. The total number of cowpea seeds was 
1879699. If the proportion of flight-form beetles was 0, all immature insects were a flight-less 
form. The proportion of flight-form beetles was calculated for each time step. If the proportion of 
flight-form beetles calculated by equations 20 and 21 was greater than 1, the proportion of flight-
form beetles was 1. 
 
Reproduction 
Beetles mate and female beetles begin to lay eggs within an hour after emergence (Craig 
Stillwell & Fox 2007). Female beetles mate multiple times (Arnqvist et al. 2004). Male beetles 
were assumed to mate multiple times. Last male sperm precedence, which means that 100 % of 
sperm in spermatheca from the previous mate is displaced by that from the current mate, was 
assumed. The two morphs of beetles were assumed to randomly mate. In addition, the female 
beetles were assumed to oviposit evenly during adulthood. Mating and oviposition were random 
across refuge and transgenic cowpea in the field. For simplicity, I assumed that female beetles 
lay eggs in the field only during the cowpea cropping season (1≤t<75) because there is cowpea in 
the field only the cowpea cropping season. The input to egg stage was calculated by using 
equation 22 for each time step. 
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𝑒𝑔𝑔𝐼𝑛 𝑙,𝑠,𝑔 =
∑ ∑ ∑ 𝑃𝑟𝑜𝑝𝑃𝑙,𝑝𝑔 × 𝑃𝑟𝑜𝑝𝑀𝑙,𝑚𝑔,𝑚 × 𝑃𝑟𝑜𝑏𝑂𝑓𝑓𝑔,𝑝𝑔,𝑚𝑔 × ∑ 𝑎𝑑𝑡𝑙,𝑚𝑔,𝑓𝑒𝑚𝑎𝑙𝑒,𝑚𝑡𝑚𝑚=1𝑡𝑔𝑔=1𝑡𝑚𝑔𝑚𝑔=1𝑡𝑝𝑔𝑝𝑔=1 ×
𝑝𝑟𝑜𝑝𝐶𝑠 × 𝑓𝑡𝑚(𝑡𝑚𝑝)𝑙𝑔𝑣𝑓𝑒𝑚𝑎𝑙𝑒,𝑚(𝑡𝑚𝑝) × ∆𝑡          [22] 
where the number of individuals in a genotype (g) of input to egg stage on a type of seed (s) in a 
location (l) was eggIn l, s, g . A paternal genotype and a maternal genotype were pg and mg, 
respectively. The total numbers of genotypes, paternal genotypes, and maternal genotypes were 
tg, tpg, and tmg, respectively. The total number of adult morphs was tm. The proportion of a 
genotype (g) of male beetles in a location (l) was PropP l, g. The proportion of a genotype (g) of a 
form (m) of female beetles in a location (l) was PropM l, g, m. The Mendelian probability of 
offspring of a genotype (g) derived from female adult of genotype (mg) mating with male adult 
of genotype (pg) was ProbOffg, pg, mg. The proportion of a cowpea type, s, was propC s. The 
number of eggs laid by a type of morph of a female beetle throughout lifetime was𝑓𝑡𝑚(𝑡𝑚𝑝). 
The longevity of a morph of a sex of adults was lgv x, m. Time step, ∆t, was 0.1 day.  
The calculation of the fertility of female beetles at a given temperatue (Equations 23, 24) 
was based on a linear regression of data in Table 3 in Utida (1972).  
𝑓𝑡𝑓𝑙𝑖𝑔ℎ𝑡𝑙𝑒𝑠𝑠(𝑡𝑚𝑝) = 0.97 × 𝑡𝑚𝑝 + 38.23   [23] 
𝑓𝑡𝑓𝑙𝑖𝑔ℎ𝑡(𝑡𝑚𝑝) = 0.75 × 𝑡𝑚𝑝 + 17.57  [24] 
where the number of eggs laid by a type of morph of a female beetle throughout lifetime was 
𝑓𝑡𝑚(𝑡𝑚𝑝). Flightless and flight forms were flightless and flight, respectively. These are the 
statistics for equations 23 and 24: Flightless-form female beetle: Model: F=7.93, p=0.07, 
R2=0.73, Slope: t=4.25, p=0.02, Intercept: t=2.81, p=0.07; Flight-form female beetle: Model: 
F=1.89, p=0.26, R2=0.37, Slope: t=1.23, p=0.3, Intercept: t= 1.37, p=0.26.  
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Flight-form beetles in the storage colonize the host plants in the field (Bilal 1987). The 
proportion of beetles moving from the storage to the field has not been investigated.  I assumed 
that 1 % of flight-form adults escape from the storage to the cowpea field (fcol=10-2), for each 
time step throughout the year and colonize cowpea plants if there are cowpea plants in the field 
(1≤t<75). A range of fcol for a sensitivity analysis was 10-3 to 10-1. 
 
Cropping Season and Yield Loss 
Cowpea was planted once in the 156.52m2 field on day 1 in each year. Cowpea is usually 
harvested in 60-90 days after planting. For this model, cowpea plants were assumed to be 
available in the field for 74 days for each year. On day 75, cowpea was moved from field to 
storage (a strg, s=a fld, s). The amount of a cowpea type, s, in a location, l, was a l,s. At the first 
time step on day 75, cowpea, eggs, larvae, and pupae in the pods are moved from the field to the 
storage. 
Up to 100% yield loss of harvested cowpea seeds may occur in a few months in storage 
in West Africa due to the infestation of C. maculatus (Lienard and Seck 1994). The mean mass 
of cowpea loss per adult emergence holes at different infestation levels (0.01g) was calculated by 
using the data in Table 9 in Booker (1967). Yield loss caused by insects, ic l,s, was calculated by 
using output from the pupa stage, pupaOut l, s, g, x, m, for each time step. 
𝑖𝑐𝑙,𝑠 = ∑ ∑ ∑ 𝑝𝑢𝑝𝑎𝑂𝑢𝑡𝑙,𝑠,𝑔,𝑥,𝑚 × 0.01𝑡𝑚𝑚𝑡𝑥𝑥  𝑡𝑔𝑔      [27] 
The total number of genotypes, the total number of sexes, and the total number of morphs were 
tg, tx and tm, respectively. Yield of cowpea seeds was calculated by equation 28. 
𝑎𝑙,𝑠 =  𝑎𝑙,𝑠 − 𝑖𝑐𝑙,𝑠       , 𝑖𝑓 𝑎𝑓𝑙𝑑,𝑠 > 0      [28] 
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where the grams of seed of a type (s) of cowpea in a location (l) was a l,s. The amount of cowpea 
was always greater than or equal to 0. The efficacy of transgenic cowpeas was estimated by the 
amount of cowpea harvested in year one remaining in the storage 365 days later. Each farmer in 
Senegal stores 100-200 kg of cowpea (Pierrad 1986). For this model, the maximum yield without 
insect damage was 2.0×105g per year (= the weight of a seed (0.1064g) × the number of seeds 
per pod (10.59) × the number of pods per pundunckle (2.7) × the number of pundunckle per plant 
(16.8) × the number of plants in the 156.52m2 field (3913.0857)). The weight of a seed, the 
number of seeds per pod, the number of pods per pundunckle, and the number of pundunckles 
per plant were calculated by using data from Idahosa et al. (2010) and Adigbo (2009). 
 
Emergence of Adults 
Prevett (1961) observed C. maculatus emergence from cowpea harvested after planting 
(August 20), and noted that most emerging beetles from storage were a flightless morph (Prevett 
1961). The cumulative proportion of emerging beetles from storage was calculated by using data 
in Figure 3 from Prevett (1961). The cumulative distribution function (CDF) of the normal 
distribution, F (t; µ, σ2), was used to describe the emergence of beetles in the storage. A function 
nlinfit in Matlab® was used for the nonlinear regression analysis. These are statistics from the 
analysis: Model: F=3897.13, R2= 0.99, p<0.01; µ (=19.98): t=233.34, p<0.01; σ2 (=3.512): 
t=30.05, p<0.01. Simulations started with flightless-morph beetles emerging from seeds in the 
storage by using equation 29, which distributed over 99% of the initial number of beetles with 
the mean emergence time (=day 94.98) and the standard deviation (=3.51 day) in the storage 
from day 75 to 115.  Therefore, C. maculatus in the field in year one was not simulated.  
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𝑎𝑑𝑡𝐼𝑛𝑠𝑡𝑟𝑔,𝑔,𝑥,𝑓𝑙𝑙= 5271.68 × 𝑃(𝑔) × 0.5× �𝐹(𝑡, (75 + 19.98), 3.512) − 𝐹�(𝑡 − ∆𝑡), (75 + 19.98), 3.512��     𝑖𝑓 75 ≤ 𝑡
≤ 115       [29] 
where the input to adult stage for each time step was adtIn strg, g, x, fll. A flightless morph was fll. 
The natural-survival rate for pupa stage was 0.99. The initial frequency of a genotype, g, under 
Hardy-Weinberg equilibrium was P(g). The proportion of each sex was 0.5. The time step, ∆𝑡, 
was 0.1 day. The average number of larvae per pod in cowpea fields in northern Nigeria in 1961 
and 1962 in Booker (1967) is 0.03. The number of cowpea seeds per pod was 10.59. The initial 
total number of adults (=5271.68) was the product of the number of larvae per seed 
(=0.03/10.59), the total number of seeds (=1879699), and the natural-survival rate for pupae 
(=0.99). 
Simulations lasted for 99 years. Time step was 0.1 day. This model was programmed in 
Microsoft Visual C++. The code was verified for logic using a variety of procedures (Appendix 
C). 
 
Results 
Resistance was determined to have evolved when the resistance-allele frequency reaches 
to 0.5. Durability of toxin was defined as the number of years required for the resistance allele 
frequency to reach 0.5. When some parameters are changed in a sensitivity analysis, the rest of 
the parameters remained at their standard setting (Table 4.1). 
 
 
74 
 
Crop Protection 
The efficacy of transgenic cowpeas was estimated by the amount of cowpea harvested in 
first year remaining in the storage 365 days later after consumption by C. maculatus, not by 
humans. Temperature was 25°C. Yield loss was 99.2% without the use of transgenic cowpea. 
Only traits causing high mortality (99.9%) protected over 95% of the cowpea yield for one year 
(Figure 4.3). Transgenic cowpea expressing a lethal MDT causing 90% mortality protected 80% 
of the harvested yield. Transgenic cowpea expressing a non-lethal MDT allowed 97.8% yield 
loss over one year. The efficacy of transgenic cowpea expressing an insecticide and a MDT was 
similar to that of transgenic cowpea expressing only an insecticide. 
 
General Results Regarding Durability of Transgenic Cowpea 
In general, the resistance by C. maculatus to pyramided cowpea expressing an insecticide 
and a MDT causing mortality evolved slower than that to transgenic cowpea expressing only an 
insecticide. Stacking a gene expressing a lethal MDT and a gene expressing an insecticide in 
transgenic cowpea significantly improved the durability of an insecticide and a MDT, but 
stacking a gene expressing a non-lethal MDT and a gene expressing an insecticide in transgenic 
cowpea did not significantly improve the durability of an insecticide. 
 
Insecticide 
Resistance to transgenic cowpea expressing only an insecticide evolved fast when 
temperature was high (Table 4.2). An increase in the proportion of refuge from 20% to 50% did 
not significantly improve the durability of transgenic cowpea expressing only an insecticide if 
the dominance of the resistant allele at the second locus (h2) was greater than or equal to 0.01. 
75 
 
The durability of transgenic cowpea expressing only an insecticide was less than or equal to 11 
years if the proportion of refuge was 20% and the dominance of the allele providing resistance to 
an insecticide (h2) was greater than or equal to 0.01. The durability of transgenic cowpea 
expressing only an insecticide was 0-1 year less when the toxin-survival rate for homozygous 
susceptible larvae (stox it,S2S2) was 10-3 than when stox it,S2S2 was 10-2. 
 
Pyramided Cowpea 
The durability of transgenic cowpea expressing a non-lethal MDT and an insecticide was 
0-1 year greater than that of transgenic cowpea expressing only an insecticide. The durability of 
pyramided cowpea was sensitive to temperature and the dominance of resistance to the standard 
insecticide, but insensitive to maturation scaling factor (msf mdt+it,S1S1) and the dominance of 
resistance to the MDT (h1) (Table 4.3). 
Transgenic cowpea expressing two insecticides was simulated with the value of 
maturation scaling factor (msf mdt+it,S1S1) 1.0 because there was no maturation delay when msf 
mdt+it,S1S1 was 1. The durability of transgenic cowpea expressing two insecticides was greater than 
99 years when the dominance (h1m, h2) was less than or equal to 0.1 (Table 4.4). Resistance to 
transgenic cowpea expressing two insecticides evolved within 10 years if the dominance of the 
resistance alleles (h1m, h2) ranged from 0.5 to 1. 
Transgenic cowpea expressing an insecticide and a lethal MDT causing high mortality 
(10-3≤smtox mdt+it,S1S1≤10-2) was simulated with the value of maturation scaling factor (msf 
mdt+it,S1S1) 1.5, which means that there was a 50% maturation delay for homozygous susceptible 
larvae and pupae on transgenic cowpea seeds. Transgenic cowpea expressing an insecticide and a 
MDT causing high mortality was slightly more durable than transgenic cowpea expressing two 
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insecticides when the dominance (h1m, h2) was 0.5, but it undermined the durability of 
transgenic cowpea when the dominance (h1m, h2) was 0.1, the minimum-toxin-survival rates 
(smtox mdt+it, S1S1, stox mdt+it,S2S2) were 0.01, and temperature was 30°C (Table 4.4). 
Even when a lethal MDT expressed in pyramided cowpea caused low mortality 
(0.1≤smtox mdt,S1S1≤0.5), stacking a gene expressing a lethal MDT and a gene expressing an 
insecticide in cowpea significantly improved the durability of the transgenic cowpea (Table 4.5). 
The durability of an insecticide expressed in pyramided cowpea increased as the maturation-
delaying-toxin-survival rate for the homozygous susceptible individuals (smtox mdt,S1S1) 
decreased.  As the dominance of the resistant allele at the first locus for mortality caused by a 
MDT (h1m) decreased, the durability of an insecticidal trait of pyramided cowpea increased. The 
durability of an insecticide in pyramided cowpea expressing a lethal MDT and an insecticide was 
88 years if the maturation-delaying-toxin-survival rate for the homozygous susceptible 
individuals (smtox mdt,S1S1) was 0.1 and other parameters were at their standard setting. In a range 
of the dominance of the resistant allele at the first locus for mortality caused by a MDT (h1m) 
from 0.5 to 1, the durability of an insecticide in pyramided cowpea expressing a MDT causing 
low mortality and an insecticide was less than or equal to 16 years if the dominance of the 
resistant allele at the second locus (h2) was greater than or equal to 0.1. 
 
Non-lethal Maturation-delaying Toxin 
Resistance to transgenic cowpea expressing a non-lethal MDT did not rapidly evolve 
(smtox mdt, S1S1=1) (Table 4.6). The durability of a non-lethal MDT was greater than 30 years 
when the dominance of the allele providing resistance to a MDT (h1) was less than or equal to 
0.5. Resistance to a non-lethal MDT evolves faster when temperature was high mainly because 
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C. maculatus repeats more generations per year at higher temperature in a range of temperature 
from 25 to 30°C. The durability of a non-lethal MDT was greater than or equal to 39 years if 
refuge was 50%. 
 
Lethal Maturation-delaying Toxin 
I modified the maturation-delaying-toxin-survival rate for the homozygous susceptible 
larvae (smtox mdt,S1S1) and the dominance of the resistant allele for mortality caused by a MDT 
(h1m) to study the additional effect of mortality. 
The durability of cowpea expressing only a lethal MDT was less than or equal to 6 years 
if the maximum mortality caused by a MDT was low (0.1≤smtox mdt,S1S1≤0.5) and the dominance 
(h1m) ranged from 0.5 to 1 (Table 4.7). When the dominance was greater than or equal to 0.1, 
the durability of transgenic cowpea expressing only a MDT causing 100% maturation delay and 
50% toxin mortality was 0-3 years greater than that of a MDT caused 50% maturation delay and 
50% toxin mortality. 
The durability of transgenic cowpea expressing a MDT causing high mortality (10-
3≤smtox mdt,S1S1≤10-2) was significantly influenced by the dominance (h1m). The durability of 
transgenic cowpea expressing a MDT causing high mortality was 1-3 years if the dominance was 
greater than or equal to 0.1. When the dominance (h1m) was 10-2, the durability of transgenic 
cowpea expressing a MDT causing high mortality was greater than 10 years at 25°C, but it was 6 
years at 30°C. In a range of the dominance (h1m) from 0.01 to 1, the durability of transgenic 
cowpea expressing only a MDT causing high mortality was 0-1 year greater when the 
maturation-delaying-toxin-survival rate for homozygous susceptible insects at the first locus 
(smtox mdt,S1S1) was  10-2 than when smtox mdt,S1S1 was 10-3. The durability of transgenic cowpea 
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expressing only a MDT causing high mortality was not sensitive to the dominance of the 
resistant allele at the first locus for delay in maturation (h1). 
 
Adult Movement 
The durabilities of single-toxin cowpea expressing only a non-lethal MDT and pyramided 
cowpea expressing a lethal MDT and an insecticide were sensitive to the proportion of beetles 
moving from the storage to the field (fcol) (Table 4.8). The proportion of beetles moving from 
the storage to the field did not have a significant effect on the durability of single-toxin cowpea 
expressing only an insecticide. 
 
Discussion 
This study suggests that transgenic cowpea expressing only an insecticide provides 
satisfactory single-year protection against C. maculatus. However, the durability of an 
insecticide was less than 15 years even when the dominance of an allele providing resistance to 
an insecticide was low (h2=10-2) and the proportion of refuge was 50%.  Unless the toxin-
survival rates for heterozygotes (RS) of several populations of C. maculatus are confirmed to be 
very low, transgenic cowpea expressing only one insecticide should not be used for managing C. 
maculatus. 
Transgenic cowpea expressing only a non-lethal MDT is not expected to provide enough 
protection against C. maculatus for one year. A lethal MDT causing low mortality is not very 
durable. Thus, the use of transgenic cowpea expressing only a MDT causing low mortality is not 
desirable for managing C. maculatus. For this reason, mortality of C. maculatus caused by 
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transgenic cowpea expressing only a MDT should be studied to forecast the durability of this 
type of cowpea. 
Transgenic cowpea expressing dsRNA targeting a gene affecting development may cause 
a high mortality; beetles emerging from the transgenic cowpea are likely to demonstrate a 
maturation delay as a sub-lethal effect. I studied the effect of high maturation-delaying-toxin 
mortality on the durability of transgenic cowpea expressing only a lethal MDT to gain insight for 
managing C. maculatus resistance to transgenic cowpea expressing dsRNA targeting a gene 
affecting development in the simple-population-genetics scenario. Transgenic cowpea expressing 
dsRNA targeting a gene affecting development should not be used unless over 99.9% of 
heterozygous (RS) insects are controlled by dsRNA expressed in the transgenic cowpea. Further 
research into the mechanism of C. maculatus resistance to dsRNA will be critical to justify the 
use of transgenic cowpea expressing dsRNA for controlling C. maculatus. 
The durability of an insecticide in pyramided cowpea expressing a non-lethal MDT and 
an insecticide is more important than the durability of a non-lethal MDT in pyramided cowpea 
because only an insecticidal trait can protect significant amount of cowpea in the storage for one 
year. A gene expressing a MDT causing low mortality can be used for pyramided cowpea to 
improve the durability of an insecticide with a different mode of action. This can be a better 
option than stacking genes expressing compounds belonging to the same class due to a 
possibility of cross-resistance. However, if the dominance of an allele providing resistance to an 
insecticide is not low (h2≥0.05), stacking a gene expressing a lethal MDT and a gene expressing 
an insecticide does not stop rapid evolution of resistance by C. maculatus to an insecticide 
expressed in transgenic cowpea. Of course, it will be difficult to determine the dominace of 
resistance and other genetic factors during development of transgenic cowpea. Low dominance 
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of an allele providing resistance to an insecticide is not expected when the toxin-mortality for the 
homozygous-susceptible individuals is low. For these reasons, high toxin mortality for C. 
maculatus (>99.9%) should be ensured before releasing transgenic cowpea expressing a MDT 
and an insecticide. 
This study suggested that the use of transgenic cowpea expressing a compound, like 
RNAi, for controlling C. maculatus should be avoided unless it includes an insect resistance 
management strategy that effectively slows down resistance evolution. The density-dependent-
survival rate for larvae in non-transgenic cowpea decreased faster than that for larvae in 
transgenic cowpea expressing a compound causing high mortality before and after harvest. Thus, 
the efficacy of refuge for slowing down the resistance evolution decreased over time in the pre- 
and post-harvest period. In other words, little refuge remained for later generations of C. 
maculatus. This implies that the “high-dose/refuge strategy” (Gould 1998) alone cannot 
effectively slowing down the evolution of resistance by C. maculatus to transgenic cowpea 
expressing a compound (i.e. a MDT, Bt, or RNAi) causing significant mortality. Further work is 
needed to determine if this is the case for other insect pests of stored products, whose population 
growth is generally limited by intra-specific competition. Future research should focus on 
discovering novel insect resistance management strategies for transgenic insecticidal crops for 
stored product insect pests. 
Low-cost, convenient, environmentally-friendly control measures for insect pests of 
stored products need to be developed as the number of available insecticides and fumigants for 
stored product insect control decreases. Significant cowpea omics datasets are available after 
decades of cowpea research and availability of genetic transformation protocols for cowpea 
(Diouf 2001, Chaudhary et al. 2010). Genes expressing vegetative insecticidal proteins, protease 
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inhibitors, alpha amylase inhibitors, and plant lectins have been suggested for potential use in 
cowpea genetic engineering for pest resistance (Haq et al. 2004). Even though the development 
of transgenic cowpea for controlling insect pests of stored products is an accomplishable task, 
ensuring the sustainability of the transgenic cowpea for this stored product pest will be 
challenging. 
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CHAPTER 5: MODELING RESISTANCE OF SUGARCANE BORER, DIATRAEA 
SACCHARALIS (F.) (LEPIDOPTERA: CRAMBIDAE), TO TRANSGENIC BT CORN 
 
Abstract 
A demographic model was used to study the evolution of resistance by Diatraea 
saccharalis (F.) (Lepidoptera: Crambidae) to transgenic corn expressing one or two Bt proteins. 
The effects of biological and agricultural factors on resistance evolution were studied by using 
sensitivity analyses to improve insect resistance management strategies for D. saccharalis. 
Increase in the proportion of refuge did not always improve the durability of Bt corn if there 
were sugarcane, sorghum, or rice in the agro-ecosystem. The evolution of Bt-resistance 
accelerated when larvae entered diapause for overwintering early. Low frequency inter-field 
movement of moths delayed the evolution of resistance to single-protein or pyramided-Bt corn 
when the proportion of refuge was 20%, but it accelerated Bt-resistance evolution when the 
proportion of refuge was 50%. 
 
Introduction 
The sugarcane borer, Diatraea saccharalis (F.) (Lepidoptera: Crambidae), is a major pest 
of corn, Zea mays L., in South America and the southern part of the U.S.. Field corn in south and 
central Texas was severely damaged by D. saccharalis during 2005 (Porter et al. 2005). D. 
saccharalis causes over 90% of insect-related damage to sugarcane, a complex hybrid of 
Saccharum spp., in Louisiana (Reagan 2001), and it is also a pest of rice, Oryza sativa L., in 
Louisiana and Texas (Way 2003, Castro et al. 2004). Its range expanded throughout the Western 
hemisphere with the adoption of corn and sugarcane production (Box 1951, 1956, Pashley et al. 
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1990). Four to five generations of D. saccharalis occur each year on sugarcane (Capinera 2010). 
Late stage larvae enter facultative diapause (Long et al. 1958, Kaiyar and Long 1961) in 
sugarcane stalks in fall, and moths emerge the next spring (Katiyar and Long 1961, Kirst and 
Hensley 1974). Pupation occurs within the plant (Capinera 2010). Corn apparently offers an 
ideal habitat after larvae bore into the plant (Reagan and Flynn 1986). Chemical, cultural, and 
biological control have been used to manage D. saccharalis (Reagan and Posey 2001, 
Schexnaryder et al. 2001, Posey et al. 2006). D. saccharalis has evolved resistance to a wide 
range of insecticide classes including carbamates (Reagan et al. 1973), organophosphates, and 
pyrethroids (Vines et al. 1984). 
D. saccharalis is a target pest of transgenic corn expressing Bacillus thuringiensis (Bt) 
protein (U.S. EPA 2005a, b). Adoption of Bt corn in the southern United States has increased in 
response to yield losses from a complex of cornstalk borers (Wu et al. 2007). Major resistance 
alleles of D. saccharalis to Cry1Ab corn were first detected in a field population in northeast 
Louisiana in 2004 (Huang et al. 2007). Down regulation of a gene (DsCAD1) for cadherin (Yang 
et al. 2011) and down regulation of three aminopeptidase N genes (Yang et al. 2010) may be 
associated with the Cry1Ab resistance in D. saccharalis. The estimated frequency of the allele 
providing resistance to Cry1Ab was 0.0177 in populations in Louisiana in 2009 and less than 
0.0061 in Mississippi (Huang et al. 2012). In populations along the Gulf Coast area of Texas in 
2007, the estimated resistance-allele frequency was less than 0.0016 (Huang et al. 2009). 
Managing resistance by D. saccharalis to Bt proteins is important to corn production in the 
southern United States. A demographic model was used to study evolution of resistance by D. 
saccharalis to transgenic corn expressing one or two Bt proteins. The effects of biological and 
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agricultural factors on resistance evolution were studied by using sensitivity analyses to improve 
insect resistance management (IRM) strategies for D. saccharalis. 
 
Methods 
Processes in this model are described in this section (Figure 5.1). The spatial design for 
this model and the cropping seasons for the four cultivated hosts of D. saccharalis are described 
in the first and the ninth subsections, respectively. The second through the fourth subsections 
explain population genetics scenarios and the survival for immature stages. For this model, 
immature life stages were egg, young-larva, old-larva, diapausing-larva, overwintering-
diapausing-larva, and pupa. Maturation time of D. saccharalis is highly variable (Fuchs and 
Harding 1979), and it obscures population trends (Fuchs and Harding 1979). 
Photoperiod/temperature-based facultative diapause and temperature-based maturation were used 
to describe its highly variable, population dynamics over a year (Fuchs and Harding 1979). The 
time step for egg, young-larva, old-larva, pupa stages was 0.01 day. Maturation, diapause, and 
overwintering are described in the fifth through eighth subsections, respectively. The tenth 
through twelfth subsections describe reproductive behavior and moth movement. Adult aging 
and maturation for diapausing larvae and overwintering-diapausing larvae were calculated daily. 
This model was programmed in Microsoft Visual C++. Simulations lasted 50 years. 
 
Population Genetics 
An allele at a single locus confers the resistance of D. saccharalis to Cry1Ab (Huang et 
al. 2007, Wu et al. 2009a). I assumed that resistance of D. saccharalis to two Bt toxins is 
determined by two unlinked, di-allelic, autosomal loci. 
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Spatial Design 
Resistance alleles of D. saccharalis to Cry 1Ab corn were first found in Louisiana 
(Huang et al. 2007). Populations in Louisiana have shown the highest frequency of the resistance 
allele to Cry1Ab corn (Huang et al. 2012). The spatial design for this model reflects habitats for 
D. saccharalis in Louisiana. Sugarcane is the principal host of D. saccharalis. Corn, sorghum, 
and rice are, also, important cultivated hosts (Roe et al. 1981). I modeled two agro-ecosystems, 
which are a hypothetical 100-ha area divided into sugarcane (A sc), corn (A cn), sorghum (A sg), 
and rice patches (A rc) (Figure 5.2). The area (ha) of a plant type, p, was A p. The areas of 
sugarcane, corn, sorghum, and rice fields in Louisiana in 2011 were 164966.6, 231148.5, 
48914.4, and 168630.6 ha, respectively (LSU AgCenter 2011). Landscape I was based on the 
proportions of the four crops planted in Louisiana in 2011 (A cn=37.67ha, A sc=26.88ha, A 
sg=7.97ha, A rc=27.48ha). Landscape II (A cn=90ha, A sc=0ha, A sg=5ha, A rc=5ha), where 
sugarcane is not a farm crop, was represented by the planting patterns in northeast Louisiana, 
where corn is the major crop and the dominant host of D. saccharalis. Because the proportions of 
the crop types can vary from region to region and from year to year, a sensitivity analysis was 
used to study the effect of the proportions of cultivated crops on resistance evolution. The range 
of the area of the corn patch (A cn) in a sensitivity analysis was 37.67 to 100. For the sensitivity 
analysis, A sc, A sg, and A rc were (100- A cn) / 3 if sugarcane was in the area (Asc>0) and the area 
of the corn patch was greater than 37.67. The areas of the sorghum and rice patches were (100- A 
cn) / 2 if sugarcane was not in the area (Asc=0). 
Plant types, p, for immature stages were Bt corn, Bt_cn, non-Bt corn, n_cn, sugarcane, sc, 
sorghum, sg, and rice, rc. For the pest’s immature stages, the corn patch was divided into Bt- and 
non-Bt-corn sections, which is in a block refuge with proportion, propRef. The standard value for 
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propRef was 0.5 for single-protein-Bt corn and 0.2 for pyramided-Bt corn. The effect of the 
proportion of refuge on Bt-resistance evolution was studied. 
I assumed that random mating occurs within the patch of a plant type. For the corn patch, 
female moths in the corn patch randomly oviposited on Bt and non-Bt corn plants. Thus, plant 
types for moths were corn (cn), sugarcane (sc), sorghum (sg), and rice (rc). 
 
Toxin Mortality 
The toxin-survival rates determined by the first and the second loci were Stox1 p,g and 
Stox2 p,g, respectively. The standard values for the maximum-toxin-survival rate for the first Bt 
toxin (Stox1 Bt_cn, R1R1), the minimum-toxin-survival rates for the first Bt toxin (Stox1 Bt_cn, S1S1), 
and the dominance of a resistance allele (h1) were based on Wu et al. (2007) and Ghimire 
(2010). The standard values for the maximum-toxin-survival rates (=0.550) and the minimum-
toxin-survival rates (=0.039) were the average toxin-survival rates for the Cry1Ab-resistant (RR) 
strain and that for the Cry1Ab-susceptible (SS) strain in transgenic corn expressing Cry1Ab. The 
standard value for the dominance of a resistance allele at the first locus (h1) was 0.358. 
Field-resistance of D. saccharalis to Cry1F-Bt corn hybrids has not been reported. The 
standard values for the maximum-toxin-survival rate for the second Bt toxin (Stox2 Bt_cn, 
R2R2=0.550) was that for the first Bt toxin. The minimum-toxin-survival rates for the second Bt 
toxin (Stox2 Bt_cn, S2S2 =0.021) was the average toxin-survival rates for the Cry1Ab-resistant (SS) 
strain on two transgenic corn hybrids expressing Cry1F in Ghimire et al. (2010). The dominance 
of a resistance allele at locus two (h2) was 0.38, so the intermediate toxin-survival rate for the 
second Bt toxin was equal to that for the first Bt toxin (Stox1 Bt_cn, R1S1=Stox2 Bt_cn, R2S2=0.22), 
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which was the average toxin-survival rates for the Cry1Ab-heterozygous (RS) strain in 
transgenic corn expressing Cry1Ab from Wu et al (2007) and Ghimire et al. (2010). 
The range of the maximum-toxin-survival rates in a sensitivity analysis was 0.55 to 1. 
The range of the minimum-toxin-survival rates in a sensitivity analysis was 10-3 to 10-2. Toxin 
survival rates for the heterozygotes at the first and the second loci were determined by equations 
1 and 2. 
𝑆𝑡𝑜𝑥1𝐵𝑡_𝑐𝑛,𝑅1𝑆1 = �𝑆𝑡𝑜𝑥1𝐵𝑡_𝑐𝑛,𝑅1𝑅1 × ℎ1� +  �𝑆𝑡𝑜𝑥1𝐵𝑡_𝑐𝑛,𝑆1𝑆1 × (1 − ℎ1)�          [1] 
𝑆𝑡𝑜𝑥2𝐵𝑡_𝑐𝑛,𝑅2𝑆2 = �𝑆𝑡𝑜𝑥2𝐵𝑡_𝑐𝑛,𝑅2𝑅2 × ℎ2� +  �𝑆𝑡𝑜𝑥2𝐵𝑡_𝑐𝑛,𝑆2𝑆2 × (1 − ℎ2)�          [2] 
An allele affording resistance to Cry1Ab also provides resistance to two commercial-
transgenic-corn hybrids expressing Cry1F, but does not provide resistance to MON 89034 
expressing Cry1A.105 and Cry2Ab2 (Wu et al. 2009b, Ghimire et al. 2011). If there was cross-
resistance, one locus conferred resistance to two Bt toxins. CR1 was the cross-resistance 
provided by two resistance alleles at the first locus to the second Bt toxin. The cross-resistance 
provided by one resistance allele at the first locus to the second Bt toxin was CR2. CR3 
represented the cross-resistance provided by two resistance alleles at the second locus to the first 
Bt toxin. The cross-resistance provided by one resistance allele at the second locus to the first Bt 
toxin was CR4. The general function calculating the effect of cross resistance was 
𝑆𝑡𝑜𝑥𝑨′𝐵𝑡_𝑐𝑛,𝑔 = 𝑆𝑡𝑜𝑥𝑨𝐵𝑡_𝑐𝑛,𝑔 + ��1 − 𝑆𝑡𝑜𝑥𝑨𝐵𝑡_𝑐𝑛,𝑔� × 𝐶𝑅𝑩�        [3] 
where the toxin-survival rate caused by one Bt toxin was StoxA’ p,g . The effect of an allele at the 
locus conferring resistance to the other toxin was CRB. If a genotype is homozygous-susceptible 
at one locus, StoxA’ p,g was StoxA p,g. If a resistance allele at one locus did not provide resistance 
to the other Bt toxin, cross resistance was 0. Generally CR2<CR1 and CR4<CR3. The standard 
values for the cross-resistance parameters were calculated by using data in Ghimire et al. 
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(2011).The standard values for CR1 (=0.437), CR2 (=0.169), CR3 (=0.437), and CR4 (=0.169) 
were based on the average toxin-survival rates for Cry1Ab-SS, Cry1Ab-RS, and Cry1Ab-RR 
strains on transgenic corn expressing Cry1F. A sensitivity analysis was used to study the effect 
of cross-resistance on resistance evolution. 
The multiplicative-toxin-survival rate (Onstad and Meinke 2010) was used for this study. 
Toxin survival rate was  
𝑆𝑡𝑜𝑥𝐵𝑡_𝑐𝑛,𝑔 = 𝑆𝑡𝑜𝑥1′𝐵𝑡_𝑐𝑛,𝑔  × 𝑆𝑡𝑜𝑥2′𝐵𝑡_𝑐𝑛,𝑔       [4] 
Toxin mortality was applied to the output from the young larva stage (those maturing from 
young to old stage). There was no toxin mortality for insects in non-Bt corn, sugarcane, 
sorghum, or rice. 
 
Natural Mortality 
The viability of eggs oviposited by female moths having grown in CP 61-37 (sugarcane), 
CP 65-357 (sugarcane), corn, or Johnson grass is not significantly different (Bessin and Reagan 
1990). For this reason, the viability of eggs for this model (Sn egg, p= 0.95) was the average 
viability of eggs observed by Bessin and Reagan (1990). The natural-survival rate for a life 
stage, ls, of insects in a plant type, p, was Sn ls, p.  
I used the terms yLarv and oLarv for young-larva and old-larva, respectively. Most 
mortality of first instars on corn occurs within the first 4 days after infestation, and stabilizes by 
day 9 (Flynn et al. 1984). Kumar and Mihm (1996) estimated survival rates of larvae on three 
corn hybrids and five corn inbreds at Tlaltizapan and Poza Rica, Mexico in 1993 and 1994. The 
average survival rate of larvae on those eight corn varieties (=0.23) was chosen as the natural 
survival rate for larvae on corn. The third instar larva-to-pupa-survival rate of D. saccharalis 
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reared from corn was 0.89 (Reagan and Flynn 1986). For this model, the survival rates of young 
larvae and old larvae in corn were 0.26 (=Sn yLarv, Bt_cn=Sn yLarv, n_cn) and 0.89 (=Sn oLarv, Bt_cn=Sn 
oLarv, n_cn), respectively, to set the overall natural-survival rate for larvae in corn to 0.23. The 
natural survival rates for young larvae and old larvae in sugarcane were 0.39 (=Sn yLarv, sc) and 
0.12 (=Sn oLarv, sc), respectively, which were the average survival rates of the first-to-third-instar 
larvae (young larvae) and fourth-to-sixth-instar larvae (old larvae) on 13 varieties of sugarcane at 
two locations in Louisiana (Bessin et al. 1991). The survival rate of young larvae on sorghum 
was the average survival rate of young larvae on corn and sugarcane (Sn yLarv, sg=0.31) due to a 
lack of empirical data. The survival rate of old larvae in sorghum (Sn oLarv, sg= 0.51) was the 
average third-instar-larva-to-pupa survival rates of D. saccharalis in sorghum observed in two 
studies (Quintana-Muñiz and Walker 1970, Reagan and Flynn 1986). The average second-to-
third-instar-survival rate on rice was 0.52 (=Sn yLarv, rc) (Lv et al. 2008). The third-to-final-instar-
larva-survival rate on rice was 0.1 (=Sn oLarv, rc) (Quintana-Muñiz and Walker 1970). 
The survival rate of pupa for this model (Sn pupa, p=0.96) was the average survival rates of 
pupae shown in Table 2 from Roe et al. (1982). 
 
Density-dependent Mortality 
Competition among larvae for food contributes to density-dependent mortality. 
Cumulative effect of larval density on survival was represented with the cumulative number of 
pupa in a plant type, p, per year, cl p, which was used in the calculation for density-dependent 
survival. The cumulative number of pupa was calculated at each time step (∆𝑡= 0.01 day) by 
equation 5, and re-set to 0 at the first time step on day 1. 
𝑐𝑙𝑝(𝑡 + ∆𝑡) = 𝑐𝑙𝑝(𝑡) + �∑ 𝑂𝑈𝑇𝑜𝐿𝑎𝑟𝑣,𝑝,𝑔 × 𝑆𝑛𝑜𝐿𝑎𝑟𝑣,𝑝tgg=1 � + �∑ ∑ 𝑂𝑢𝑡𝐷𝑖𝑎𝑐,𝑝,𝑔𝑡𝑔𝑔=1 × ∆𝑡𝑡𝑐𝑐=1 �     [5] 
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where the total number of genotypes for insects and the total number of diapausing-larva cohorts 
were tg and tc, respectively. The output from the old-larva stage per time step (=0.01 day) was 
OUT oLarv p, g. The natural-survival rate for old larvae was Sn oLarv, p, g. The output from a 
diapausing-larva cohort per day was OutDia c,p,g . 
Density-dependent mortality was applied to the input to the pupa stage (those maturing 
from old larva or diapausing larva to pupa stage), which is described in the maturation 
subsection. Equation 6 was used to calculate a density-dependent-survival rate for insects in a 
plant type, p, dds p. 
𝑑𝑑𝑠𝑝 = 𝑒−�𝐶𝑝× 𝑐𝑙𝑝𝑘𝑐𝑝×𝐴𝑝�          [6] 
where the area (ha) of a plant type, p, was A p. The cumulative number of pupa in a plant type, p, 
per year was cl p. The carrying capacity of insects per ha in a plant type, kc p, was the cumulative 
number of pupae per ha for the season (June 15–August 20) from Reagan and Flynn (1986). The 
carrying capacities of pupae per ha in Bt corn, non-Bt corn, sugarcane, sorghum, and rice was 
77877, 77877, 34608, 50100, and 54195, respectively. Due to a lack of data, the carrying 
capacity for insects per ha in rice was the average season total number of pupae per ha in corn, 
sugarcane, and sorghum. The parameter C p in equation 6 was loge (1 / (Sn egg,p×Sn yLarv, p×Sn 
oLarv, p×Sn pupa, p×fnp×0.5)) to produce zero population growth of insects in a plant type, p, when 
the total number of pupa per ha over a year  reached to the carrying capacity. A natural-survival 
rate for a life stage, ls, of insects in a plant type, p, was Sn ls, p. The fecundity of a female moth 
emerging from a plant type was fn p, which is described in the oviposition subsection. C for 
insects in Bt corn, non-Bt corn, sugarcane, sorghum, and rice were -4.34, -4.34, -2.68, -3.75, and 
-2.31, respectively. 
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Maturation 
Temperature-based maturation was used in this model. The temperature (°C) at time, t, 
temp(t), was calculated by equation 7. 
𝑡𝑒𝑚𝑝(𝑡) = 𝑚𝑇𝑒𝑚𝑝 + {𝑚𝑥𝑚𝑛𝑇𝑒𝑚𝑝 × 0.5 × sin(2 × 𝜋 × 𝑡)}        [7] 
where daily mean temperature and the difference between daily maximum temperature and daily 
minimum temperature were mTemp and mxmnTemp. Daily mean temperature and the difference 
between daily maximum temperature and daily minimum temperature were calculated by using 
linear interpolation on the monthly average maximum and monthly minimum temperature near 
Winnsboro in Franklin Parish, Louisiana from 1990 to 2011. 
The time-varying distributed delay (Manetch 1976) was used for maturation of immature 
insects. Survival rates were applied during transitions between life stages. The orders of delay 
(Manetch 1976), which determine the distribution of development times for the population, for 
eggs (k=37), young larvae (k=39), old larvae (k=39), and pupae (k=21) were based on data from 
Lv et al. (2011). The larval stage was divided into young- and old-larva stages to simulate toxin 
mortality, density-dependent mortality, and diapause. The time step (∆𝑡) for eggs, young-larva, 
old-larva, pupa maturation was 0.01 day. The instantaneous value of the maturation delay 
(Manetch 1976) was DEL ls, p, g(t), which was determined by equation 8. 
𝐷𝐸𝐿𝑙𝑠,𝑝,𝑔(𝑡) = 𝑇𝐷𝐷𝑙𝑠,𝑝,𝑔(𝑡𝑒𝑚𝑝(𝑡) − 10.4)    if 𝑡𝑒𝑚𝑝(𝑡) > 10.4     = ∞      if temp(t) ≤ 10.4          [8] 
where temperature (°C) at time, t was temp(t). The base temperature for maturation was 10.4°C 
(Lv et al. 2011). When temperature was less than or equal to the base temperature, DEL ls, p, g (t) 
was ∞, which means that maturation did not occur at a time step. The total degree days of a 
genotype, g, in a plant type, p, required for maturation through a life stage, ls, was TDD ls,p,g. The 
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total degree days for eggs (TDD egg, p, g) and pupae (TDD pupa, p, g) were 86.2 and 123.8, 
respectively, which were based on data from Lv et al. (2011). The degree days of young and old 
larvae in non-Bt corn, sugarcane, sorghum, or rice was the degree days of young and old larvae 
(=300.78) observed by Lv et al. (2011). Maturation delay for larvae in Bt corn (Wu et al. 2009c) 
is described in the maturation delay subsection. 
The input to the egg stage was calculated by equation 9.  
𝐼𝑁𝑒𝑔𝑔,𝑝,𝑔 = 𝐸𝑔𝑔𝑝,𝑔 × ∆𝑡       [9] 
where the number of a genotype, g, of eggs laid in a plant type, p, per day was Egg p,g. Time step 
was ∆𝑡 (=0.01 day). The transitions from egg to young-larva stage, from young-larva to old-larva 
stage, and from old-larva and diapausing-larva stages to pupa stage were described by equation 
10, 11 and 12, respectively. 
𝐼𝑁𝑦𝐿𝑎𝑟𝑣,𝑝,𝑔 = 𝑂𝑈𝑇𝑒𝑔𝑔,𝑝,𝑔 × 𝑆𝑛𝑒𝑔𝑔,𝑝       [10] 
𝐼𝑁𝑜𝐿𝑎𝑟𝑣,𝑝,𝑔 = 𝑂𝑈𝑇𝑦𝐿𝑎𝑟𝑣,𝑝,𝑔 × 𝑆𝑛𝑦𝐿𝑎𝑟𝑣,𝑝 × 𝑆𝑡𝑜𝑥𝑝,𝑔  × (1 − 𝐼𝑛𝐷)     [11] 
𝐼𝑁𝑝𝑢𝑝𝑎,𝑝,𝑔 = 𝑑𝑑𝑠𝑝 × ��𝑂𝑈𝑇𝑜𝐿𝑎𝑟𝑣,𝑝,𝑔 × 𝑆𝑛𝑜𝐿𝑎𝑟𝑣,𝑝� + ��𝑂𝑢𝑡𝐷𝑖𝑎𝑐,𝑝,𝑔 × ∆𝑡tc
c=1
��        [12] 
where a natural-survival rate for a life stage, ls, of insects in a plant type, p, was Sn ls, p. Input and 
output variables of the delay process for a life stage, ls, were IN ls, p ,g and OUT ls, p, g , 
respectively. The toxin-survival rate, Stox, was multiplied to the output from the young larva 
stage. The proportion of the output from young larva stage entering diapause was InD. Diapause 
is described in the diapause subsection. A density-dependent survival rate for insects in a plant 
type, p, was dds p, which is described in the density-dependent mortality subsection. The 
density-dependent-survival rate was multiplied to the output from the old larva and diapausing-
larva stages. The output from the old-larva stage per time step (=0.01 day) was OUT oLarv, p, g. 
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The output from a diapausing-larva cohort per day was OutDia c, p, g. The total number of 
diapausing-larva cohorts was tc. 
The numbers of male and female moths emerging per day were calculated for each time 
step (= 0.01 day) by equation 13and 14, respectively. 
𝑚𝐴𝑑𝑡𝑝,𝑔,0 = 𝑚𝐴𝑑𝑡𝑝,𝑔,0 + �0.5 × 𝑂𝑈𝑇𝑝𝑢𝑝𝑎,𝑝,𝑔 × 𝑆𝑛𝑝𝑢𝑝𝑎�            [13] 
𝑓𝐴𝑑𝑡𝑝,𝑔,0 = 𝑓𝐴𝑑𝑡𝑝,𝑔,0 + �0.5 × 𝑂𝑈𝑇𝑝𝑢𝑝𝑎,𝑝,𝑔 × 𝑆𝑛𝑝𝑢𝑝𝑎�          [14]  
where a genotype, g, of male moths at age (day), a, in a plant type, p was mAdt p,g,a. A genotype, 
g, of virgin-female moths at age (day), a, in a plant type, p, was fAdt p,g, a. In this model, the life 
spans of male and female moths were 3 and 5 days, respectively (Walker and Alemañy 1967). 
The age of moths in days, a, increased by 1 daily. The sex ratio of D. saccharalis is 
approximately 1:1; Host plant (e.g. corn, sugarcane (CP 61-37 or CP 65-357), or Johnson grass) 
has no significant effect on the sex ratio (Bessin and Reagan 1990). Thus, the proportion of each 
sex was 0.5. 
 
Maturation Delay 
Wu et al. (2009c) showed that Cry1Ab in artificial diet affected the maturation of D. 
saccharalis larvae. In this model, the degree of maturation delay of a genotype of larvae in 
Cry1Ab corn shown in Wu et al. (2009c) was multiplied to the degree days of young or old 
larvae (=300.78) observed by Lv et al. (2011) to calculate the degree days of genotypes of young 
or old larvae in Bt corn. Wu et al. (2009c) studied the effect of Cry1Ab on the maturation of a 
Bt-susceptible strain (SS), a Cry-1Ab-resistant strain (RR), a back-crossed and reselected 
resistant strain (R’R’), and two F1 progeny of the SS and R’R’ strains (R’maleSfemale, 
R’femaleSmale). 
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For the single-Bt protein case, the total degree days of larvae to complete the larval stage 
for the homozygous susceptible individuals (TDD yLarv,Bt_cn,S1S1 = TDD oLarv,Bt_cn,S1S1 = 320.60) 
and the heterozygotes (TDD yLarv,Bt_cn,R1S1 = TDD oLarv,Bt_cn,R1S1 = 302.10) in single-protein-Bt 
corn were significantly 6.59% and 0.44% greater than that of R1R1 in single-protein-Bt corn 
(TDD yLarv,Bt_cn,R1R1 = TDD oLarv,Bt_cn, R1R1 = 300.78), respectively, which was based on maturation 
data for Bt-resistant and susceptible larvae at 0.1 µg g-1 Cry1Ab concentration from Wu et al. 
(2009c). Wu et al. (2009c) observed no significant effect of Cry1Ab on larval development time 
at 0.01 µg g-1 Cry1Ab concentration. Because Wu et al. (2009c) studied the effect of Cry1Ab on 
larval development time at Cry1Ab concentrations lower than Cry1Ab concentrations in Cry1Ab 
Bt corn hybrids, a degree of a maturation delay for larvae feeding on Cry1Ab Bt corn hybrids 
may be different from that of larval maturation delay shown in Wu et al. (2009c). 
The effect of two Bt proteins on the maturation of larvae has not been investigated. For 
the pyramided-(double)-protein case, due to the lack of information, I assumed that the total 
degree days of the most susceptible larvae (S1S1, S2S2) in pyramided-Bt corn (TDD yLarv,Bt_cn, 
S1S1,S2S2 = TDD oLarv,Bt_cn, S1S1,S2S2 = 320.60)  was 6.59% greater than that of the most resistant 
larvae (R1R1, R2R2) in pyramided-Bt corn (TDD yLarv,Bt_cn,R1R2,R2R2 = TDD oLarv,Bt_cn, R1R2,R2R2 = 
300.78), and the total degree days of moderately resistant larvae, which were the genotypes 
except S1S1, S2S2 and R1R1, R2R2, in pyramided-Bt corn were 0.44% greater than that of 
R1R1, R2R2 in pyramided-Bt corn. 
 
Diapause 
Induction and termination of diapause are affected by photoperiod and temperature 
(Katiyar and Long 1961, Kirst 1973, Fuchs et al. 1979, Roe et al. 1984). Equation 15, which was 
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derived from the data in Table 2 from Fuchs et al. (1979), was used for calculating the proportion 
of young larvae entering diapause, InD. 
𝐼𝑛𝐷 = (−67.584 × 𝑝𝑟𝑜𝑝𝐷2) + (45.524 × 𝑝𝑟𝑜𝑝𝐷) + [0.821 × (𝑚𝑇𝑒𝑚𝑝 × 𝑝𝑟𝑜𝑝𝐷)] −(0.481 × 𝑚𝑇𝑒𝑚𝑝) − 3.478          [15] 
where the proportion of daylight hours per day was propD. Onstad and Brewer (1996)’s 
scotophase function, which was based on the Tables of Sunrise, Sunset, and Twilight (U.S. 
Naval Observatory 1946), was used for calculating propD in Winnsboro, Louisiana. Daily 
average temperature was mTemp. The proportion of young larvae entering diapause was 
restricted to 0≤ InD≤1. These are statistics for equation 15: Model: F=18.521, p<0.01, R2=0.948; 
Coefficient for Day length2: t=-5.42, p<0.01; Coefficient for Day length: t=3.3, p=0.03; 
Coefficient for (Day length × Temperature): t=3.34, p=0.03; Coefficient for Temperature: t=-
3.89, p=0.02; Coefficient for intercept: t=-0.82, p=0.46. 
Larvae entering diapause in September or October overwinter (Hensley 1971). In this 
model, two types of diapause larvae were defined; one represented a type of diapausing larvae, 
which do not overwinter, and the other was a type of diapausing larvae, which overwinter. 
Diapausing larvae enter diapause between day 60 to OW.  Overwintering-diapausing larvae enter 
diapause between day OW and 304 for overwintering. The first date larvae could enter diapause 
for overwintering was OW. The standard value for OW was day 268, and the effect on the Bt-
resistance evolution was studied by using a sensitivity analysis. 
For the first period, the total number of a genotype, g, of larvae entering diapause in a plant type, 
p, per day, Dia p,g, was calculated by using equation 16 for each time step (=0.01 day). 
𝐷𝑖𝑎𝑝,𝑔 = 𝐷𝑖𝑎𝑝,𝑔 + �𝑂𝑈𝑇𝑦𝐿𝑎𝑟𝑣,𝑝,𝑔 × 𝑆𝑛𝑦𝐿𝑎𝑟𝑣,𝑝 × 𝑆𝑡𝑜𝑥𝑝,𝑔 × 𝐼𝑛𝐷�   𝑖𝑓 60 ≤ 𝑡 < 𝑂𝑊        [16] 
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where the natural-survival rate for young larvae in a plant type, p, was Sn yLarv, p. The toxin-
survival rate for a genotype, g, of larvae in a plant type, p, was Stox p,g. The proportion of young 
larvae entering diapause was InD. During the first period, a new diapausing-larva cohort was 
created daily if the total number of larvae entering diapause per day was greater than 0. 
An array representing each diapausing-larva cohort stored the total number of diapausing 
larvae in a cohort, diaLar c, p, g (=Dia p, g), age of the cohort, ac c, and the mean period (day) of 
diapause, muDia c. A cohort number was c. Age of a cohort increased by 1 daily. Equation 17, 
18 and 19 for diapause termination during the first period were based on Fuchs et al. (1979). The 
durations of diapause for larvae at each temperature-day length regime shown in Figure 3 from 
Fuchs et al. (1979) were analyzed with the cumulative normal density function, F(t, µ, σ2), to 
estimate the mean (µ) and standard deviation (σ) of the duration of diapause of larvae in each 
temperature-day length regime. Linear regression was used to explain the relationship between 
the mean diapause period (µ) and the proportion of daylight hours per day. The mean diapause 
period, muDia c,a, was explained by the proportion of daylight hours per day (F=24.68, p=0.02, 
R2=0.89; Slope: t=-5.00, p=0.02; Intercept: t=6.39, p<0.01).  Equation 17 was used to calculate 
the mean period of diapauses in days. 
𝑚𝑢𝐷𝑖𝑎𝑐,𝑎 =  −217.61 × 𝑝𝑟𝑜𝑝𝐷 + 150.42       [17] 
The mean period of diapause was determined when a new diapausing-larvae cohort was created. 
The standard deviation of diapause period (σ) was explained by the mean period of diapause (µ) 
(F=13.59, p=0.03, R2=0.82; Slope: t=3.69, p=0.03; Intercept: t=0.87, p=0.45). Equation 18 was 
used to calculate the standard deviation of the diapause period for each cohort, sdDia c. 
𝑠𝑑𝐷𝑖𝑎𝑐 =  0.22 × 𝑚𝑢𝐷𝑖𝑎𝑐 + 0.28      [18] 
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Daily Output from a diapausing-larva cohort was calculated by equation 19, and the output from 
the diapausing-larva cohorts per day was evenly distributed to the input to the pupa stage for 
each time step (= 0.01 day), which is shown in equation 12. 
𝑂𝑢𝑡𝐷𝑖𝑎𝑐,𝑝,𝑔 = �𝑑𝑖𝑎𝐿𝑎𝑟𝑐,𝑝,𝑔 × {𝐹(𝑎𝑐𝑐 + 1,𝑚𝑢𝐷𝑖𝑎𝑐, 𝑠𝑑𝐷𝑖𝑎) −  𝐹(𝑎𝑐𝑐,𝑚𝑢𝐷𝑖𝑎𝑐 , 𝑠𝑑𝐷𝑖𝑎)}�× 𝑆𝑛𝑜𝐿𝑎𝑟𝑣,𝑝       [19] 
where the cumulative normal distribution function with mean (𝜇) and standard deviation (𝜎) was 
F(x, 𝜇, 𝜎). The output from a diapausing-larva cohort per day was OutDia c, p, g. Age of the 
cohort was ac c. A cohort number and the total number of diapausing-larva cohorts were c and 
tc, respectively. The natural-survival rate for old larvae in a plant type, p, was Sn oLarv, p. The 
output from a diapausing-larva cohort per day, OutDia c, p, g, was calculated when the age of the 
cohort was greater than muDia c - (3×sdDia c) and less than muDia c + (3×sdDia c) to distribute 
over 99.99% of the total number of diapausing larvae in a cohort, diaLar c, p, g, over time. 
 
Overwintering 
Larvae entering diapause in September or October overwinter (Hensley 1971). I assumed 
that only larvae entering diapause during the second period (OW≤t≤304) overwinter. The first 
date larvae enter diapause for overwintering was OW. The standard value for OW was day 268, 
and the effect on Bt-resistance evolution was studied by using a sensitivity analysis. The total 
number of a genotype, g, of overwintering-diapausing larvae in a plant type, p, per year, oDia p,g, 
was calculated for each time step (=0.01 day) by using equation 20, and it was re-set to 0 at the 
last time step on day 180, when the emergence of overwintering-generation moths was over in 
the model. 
𝑜𝐷𝑖𝑎𝑝,𝑔 = 𝑜𝐷𝑖𝑎𝑝,𝑔 + �𝑂𝑈𝑇𝑦𝐿𝑎𝑟𝑣,𝑝,𝑔 × 𝑆𝑛𝑦𝐿𝑎𝑟𝑣,𝑝 × 𝑆𝑡𝑜𝑥𝑝,𝑔 × 𝐼𝑛𝐷�     𝑖𝑓 𝑂𝑊 ≤ 𝑡 ≤ 304    [20] 
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where the natural-survival rate for young larvae in a plant type, p, was Sn yLarv, p. The toxin-
survival rate for a genotype, g, of larvae in a plant type, p, was Stox p,g. The proportion of young 
larvae entering diapause was InD. The output from the young-larva stage was OUT yLarv, p, g. 
D. saccharalis moths begin to emerge in late April around New Orleans, LA (Holloway 
et al. 1928). The peak of overwintering-generation-moth emergence in this model (µ in the 
equations 21, 22) was day 120 (April 30th). Fuch and Harding (1978) observed that over 66% of 
the first brood moths emerge within 3 weeks during March in Lower Rio Grande Valley of Texas 
from 1972 to 1975. Based on their observation, 𝜎 in the equations 21, 22 was 11.00 to make 
approximately 66% of the overwintering-generation-moth emergence occur between 1.5 weeks 
before and after the peak of overwintering-generation-moth emergence (µ). Over 99.99% of the 
total number of overwintering-generation moths emerged from day 60 to day 180 by using 
equation 21 and 22. 
𝑚𝐴𝑑𝑡𝑝,𝑔,0 = 𝑚𝐴𝑑𝑡𝑝,𝑔,0 + �𝑜𝐷𝑖𝑎 𝑝,𝑔 × 0.15 × 𝑆𝑛𝑝𝑢𝑝𝑎 × (1 − 𝑝𝑟𝑜𝑝𝐹) × {𝐹(𝑡, 𝜇,𝜎) − 𝐹(𝑡 − 1, 𝜇,𝜎)}�      if 60 ≤ t ≤ 180             [21] 
𝑓𝐴𝑑𝑡𝑝,𝑔,0 = 𝑓𝐴𝑑𝑡𝑝,𝑔,0 + �𝑜𝐷𝑖𝑎 𝑝,𝑔 × 0.15 × 𝑆𝑛𝑝𝑢𝑝𝑎 × 𝑝𝑟𝑜𝑝𝐹 × {𝐹(𝑡, 𝜇,𝜎) −  𝐹(𝑡 − 1, 𝜇,𝜎)}�      
if 60 ≤ t ≤ 180            [22] 
where a genotype, g, of male moths at age (day), a, in a plant type, p, was mAdt p,g,a. A genotype, 
g, of virgin-female moths at age (day), a, in a plant type, p, was fAdt p,g, a. The total number of a 
genotype, g, of overwintering-diapausing larvae in a plant type, p, per year was oDia p,g. The 
overwintering (from November 2007 to March 2008)-survival rate of immature insects in rice 
stubbles shown in Figure 8.5 B from Beuzelin (2011) was 0.15. The natural-survival rate for 
pupae was Sn pupa. The proportion of female moths, propF, was 0.5. The cumulative normal 
distribution function with mean (𝜇) and standard deviation (𝜎) was F(x,𝜇, 𝜎2). Time (day) was t. 
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Harvesting 
Information about field crops in Louisiana (National Agricultural Statistics Service 2010) 
was used to set planting and harvesting dates (Julian day) for corn (88, 234), sorghum (92, 240), 
and rice (100, 237) for this model. Sugarcane vegetative seed pieces are planted from August to 
October with the traditional peak in September, and sugarcane harvest in Louisiana begins in 
September (Beuzelin 2011). For simplicity, I assumed that sugarcane was harvested on day 272, 
and planted on day 273. 
In sugarcane, 1.25% of larvae and pupae were found in the sixth and the seventh 
internodes below the youngest internodes of the stalks 30 days after infestation of neonates 
(White 1993). In rice, a substantial proportion of D. saccharalis survives the harvest (Beuzelin 
2011). The average proportion of larvae and pupae found below 20cm in rice 3-4 weeks before 
harvesting was 45.72%, which was calculated by using data in Figure 8.2 from Beuzelin (2011). 
Based on data from Beuzelin (2011) and White (1993), the proportions of immature insects in 
sugarcane and rice remaining after harvest were 0.01 and 0.46, respectively. Only grains of rice, 
sorghum, and corn are harvested, but sugarcane stalks are harvested. For this reason, the 
proportions of immature D. saccharalis in corn and sorghum remaining after harvest were 0.46, 
which was the proportion of immature insects in rice remaining after harvest.  
The number of immature insects was reduced at the first time step on the date of harvest 
of a plant type. The proportion of immature insects remaining after harvest was multiplied by the 
number of individuals in each class of the distributed delay process for immature stages to 
describe the reduction in the number of immature insects. The proportion of immature insects 
remaining after harvest was multiplied by the total number of larvae in a diapausing-larva cohort, 
diaLar c, p, g. To determine the number of overwintering-diapausing larvae, the proportion of 
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immature insects remaining after harvest was multiplied by the total number of overwintering 
larvae per year, oDia  p, g. 
 
Mating 
Female moths attract male moths soon after emergence (Perez and Long 1964). Perez and 
Long (1964) reported that 93% of female moths captured from a light trap in a field in Louisiana 
mated only once , 5% did not mate, and 2% mated twice. For this model, 0-day-old female moths 
mated only once in their natal field (the plant type they emerge in); male moths mated multiple 
times. The number of mated-female moths ovipositing eggs of genotype, g, was calculated daily 
by equation 23. 
𝑚𝑡𝑓𝐴𝑑𝑡𝑝,𝑝,𝑔,𝑜 =
∑ ∑ 𝑝𝑟𝑜𝑝𝑃𝑝,𝑝𝑔 × 𝑝𝑟𝑜𝑝𝑀𝑝,𝑚𝑔 × 𝑝𝑟𝑜𝑏𝑂𝑓𝑓𝑔,𝑝𝑔,𝑚𝑔𝑡𝑔𝑚𝑔=0𝑡𝑔𝑝𝑔=0 × �∑ 𝑓𝐴𝑑𝑡𝑝,𝑚𝑔,0𝑡𝑔𝑚𝑔=0 �   [23] 
where the number of a genotype, g, of mated-female moths, which emerge from a natal plant 
area, np, at age, a, in a plant type, p, were mtfAdt p,np,g,a. The proportion of a genotype of male 
moths in a plant type was propP p,g. The proportion of a genotype of virgin-female moths in a 
plant type was propM p,g. The probability of offspring of a genotype, g, derived from female 
moths of a genotype, mg, mating with male moths of a genotype, pg, was probOff g,pg,mg. A 
Mendelian function was used to calculate probOff g,pg,mg. A genotype, g, of virgin-female moths 
at age (day), a, in a plant type, p, was fAdt p,g, a. 
 
Oviposition 
A fitness cost of D. saccharalis resistance to Cry1Ab was not found (Wu et al. 2009c). 
Female moths start to oviposit fertilized eggs within 7 hours after mating (Walker 1964). For this 
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model, female moths in a patch oviposited during the cropping season, which was the period 
between planting and harvest. The total number of eggs laid by a female moth emerging from a 
plant type, p, during adulthood was fn p. The number of eggs laid by a female moth emerging 
from corn, fn cn, was 714.2 (Bessin and Reagan 1990). The number of eggs laid by a female 
moth emerging from sugarcane (fn sc =656.5) was the average number of eggs laid by female 
moths in the two varieties (CP 61-37, CP 65-357) of sugarcane in Bessin and Reagan (1990). 
The number of eggs laid by a female moth emerging from sorghum, fn sg, was 583 (Reagan and 
Flynn 1986). The number of eggs laid by a female moth emerging from rice has not been 
observed, so I made the same assumption as Lv et al. (2011), who used the number of eggs laid 
by a female moth emerging from Johnson grass (fn rc =427.1) (Bessin and Reagan 1990). 
Oviposition of female moths in sugarcane, sorghum, or rice was calculated daily by equation 24. 
𝐸𝑔𝑔𝑝,𝑔 = ∑ ∑ 𝑚𝑡𝑓𝐴𝑑𝑡𝑝,𝑛𝑝,𝑔,𝑎×𝑓𝑛𝑛𝑝44𝑎=1𝑡𝑝𝑛𝑝=0         if 𝑝 =  𝑠𝑐, 𝑠𝑔, or 𝑟𝑐     [24] 
where the number of a genotype, g, of eggs oviposited in a plant type, p, per day was Egg p,g. 
Equation 24 evenly distributes the number of eggs laid by a female moth emerging in a natal 
patch, np, on a patch, p, over 4 days. The longevity of female moths after mating was 4 days. 
Oviposition for female moths in the corn patch on Bt corn and non-Bt corn was described by 
equations 25 and 26, respectively. 
𝐸𝑔𝑔𝐵𝑡_𝑐𝑛,𝑔 = ∑ ∑ 𝑚𝑡𝑓𝐴𝑑𝑡𝑐𝑛,𝑛𝑝,𝑔,𝑎×𝑓𝑛𝑛𝑝4 × (1 − 𝑝𝑟𝑜𝑝𝑅𝑒𝑓)4𝑎=1𝑡𝑝𝑛𝑝=0          [25] 
𝐸𝑔𝑔𝑛_𝑐𝑛,𝑔 = ∑ ∑ 𝑚𝑡𝑓𝐴𝑑𝑡𝑐𝑛,𝑛𝑝,𝑔,𝑎×𝑓𝑛𝑛𝑝4 × 𝑝𝑟𝑜𝑝𝑅𝑒𝑓4𝑎=1𝑡𝑝𝑛𝑝=0        [26] 
where the proportion of non-Bt corn in the corn patch was propRef. The total number of newly-
oviposited eggs per day calculated by equations 24, 25, and 26 was evenly distributed to the 
input for the egg stage for each time step (∆𝑡 =0.01 day). 
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Moth Movement 
Movement of moths between patches was calculated daily. Equation 27 was the general 
function calculating the movement of male moths in different plant types. 
𝑚𝐴𝑑𝑡𝑨,𝑔,𝑎 = 𝑚𝐴𝑑𝑡𝑨,𝑔,𝑎 − ��𝑀𝑣𝑨,𝑩 + 𝑀𝑣𝑨,𝑪 + 𝑀𝑣𝑨,𝑫� × 𝑚𝐴𝑑𝑡𝑨,𝑔,𝑎� + ��𝑀𝑣𝑩,𝑨 ×
𝑚𝐴𝑑𝑡𝑩,𝑔,𝑎� + �𝑀𝑣𝑪,𝑨 × 𝑚𝐴𝑑𝑡𝑪,𝑔,𝑎�  + �𝑀𝑣𝑫,𝑨 × 𝑚𝐴𝑑𝑡𝑫,𝑔,𝑎��      [27] 
where the proportion of moths moving from one plant type, p1, to another plant type, p2, per day 
was Mv p1, p2. A, B, C, and D were the patches of plant types. On the right side of equation 27, 
the number of male adults in plant type A minus those in A that leave was added to the number 
from each of the other three plant types that move to A. The standard value for Mv p1, p2 was 10-2, 
and the effect on Bt-resistance evolution was studied by using a sensitivity analysis. The range of 
Mv p1,p2 in a sensitivity analysis was 10-4 to 10-1. The same logic was used for female moth 
movement after mating. Equation 28 was used to calculate the movement of mated female moths 
between patches. 
𝑚𝑓𝐴𝑑𝑡𝑨,𝑝,𝑔,𝑎 = 𝑚𝑓𝐴𝑑𝑡𝑨,𝑝,𝑔,𝑎 − ��𝑀𝑣𝑨,𝑩 + 𝑀𝑣𝑨,𝑪 + 𝑀𝑣𝑨,𝑫� × 𝑚𝑓𝐴𝑑𝑡𝑨,𝑝,𝑔,𝑎� + ��𝑀𝑣𝑩,𝑨 ×
𝑚𝑓𝐴𝑑𝑡𝑩,𝑝,𝑔,𝑎� + �𝑀𝑣𝑪,𝑨 × 𝑚𝑓𝐴𝑑𝑡𝑪,𝑝,𝑔,𝑎�  + �𝑀𝑣𝑫,𝑨 × 𝑚𝑓𝐴𝑑𝑡𝑫,𝑝,𝑔,𝑎��          [28] 
I assumed that the proportions of male and mated-female moths moving from one plant type 
to another plant type per day are equal. 
 
Initial Condition 
The average proportion of sugarcane plants containing living D. saccharalis in leaf 
sheaths of susceptible commercial variety was 0.12-0.15 annually (Reagan and Flynn 1986). 
Standard simulations started with 595.76, 591.03, 595.78, and 595.73 overwintering larvae per 
ha in sugarcane, corn, sorghum, and rice patches, respectively, to make the number of the third-
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generation young larvae per stalk approximately 0.13. The initial frequency of each resistance 
allele was 10-4. 
 
Results 
Durability of protein was defined as the number of years required for the resistance allele 
frequency to reach 0.5. Resistance was considered to have evolved if the frequency of a 
resistance allele (P(R)) exceeded 0.5. When some parameters were changed, the rest of the 
parameters remained at their standard setting (Table 5.1). 
 
Landscape Composition and the Proportion of Corn Refuge 
Results from a sensitivity analysis regarding landscape composition (A) and the 
proportion of corn refuge (propRef) are shown in this subsection. Readers should note that the 
toxin-survival rate for resistant larvae (Stox1 Bt_cn, R1R1, Stox2 Bt_cn, R2R2) was 0.55, which is 
incomplete resistance, but there was no toxin mortality for resistant larvae in non-Bt corn. 
An increase in the proportion of corn refuge improved the durability of single-protein- 
and pyramided-Bt corn if the landscape consisted only of corn (Acn=100, Asc=0, Asg=0, Arc=0). 
The durability of single-protein-Bt corn in the landscape consisting only of corn was 7 years 
when the proportion of corn refuge was 0.2 and 14 years when the proportion of corn refuge was 
0.5 (Figure 5.3 (e)). The durability of pyramided-Bt corn in the landscape consisting only of corn 
was 6 years when the proportion of corn refuge was 0.05 and 15 years when the proportion of 
corn refuge was 0.2 (Figure 5.4 (e)). 
The durability of single-protein-Bt corn was significantly influenced by the area of the 
patches (A) when the landscape included sugarcane, sorghum, or rice. Furthurmore, an increase 
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in the proportion of corn refuge sis not always improve the durability of Bt corn. The durability 
of single-protein-Bt corn in the landscape I (Acn=37.67, Asc=26.88, Asg=7.97, Arc=27.48) 
decreased from over 50 years to 40 years as the proportion of corn refuge increased from 0.2 to 
0.5 (Figure 5.3 (a)). The durability of single-protein-Bt corn in the landscape II (Acn=90, Asc=0, 
Asg=5, Arc=5) was 40 years when the proportion of corn refuge was 0.2 and 16 years when the 
proportion of corn refuge was 0.5 (Figure 5.3 (d)). 
The durability of pyramided-Bt corn in the landscape I (Acn=37.67, Asc=26.88, Asg=7.97, 
Arc=27.48) and the landscape II (Acn=90, Asc=0, Asg=5, Arc=5) was over 50 years with a range of 
corn refuge proportions from 0 to 0.5 (Figure 5.4 (a, d)). 
 
Toxin-survival of Larvae on Single-protein-Bt Corn 
Results from a sensitivity analysis regarding toxin-survival of larvae on single-protein-Bt 
corn (Stox1, h1) are shown in this subsection. The proportion of corn refuge was 0.5 for the 
sensitivity analysis about single-protein-Bt corn. When all parameters were held at their standard 
settings, the durability of single-protein-Bt corn was 40 years in the landscape I, 16 years in the 
landscape II, and 6 years in the landscape consisting only of corn. In the landscape I, resistance 
evolved within 11 years when the dominance (h1) was 1.0 or the maximum-toxin-survival rate 
(Stox1 Bt_cn, R1R1) was 1.0 (Table 5.2). The durability of single-protein-Bt corn in the landscape II 
or the landscape consisting only of corn was 4-10 years when the dominance (h1) was from 0.5 
to1. 
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Toxin-survival of Larvae on Pyramided-Bt Corn 
This subsection shows results from a sensitivity analysis regarding toxin-survival of 
larvae on pyramided-Bt corn (Stox1, Stox2, h1, h2, CR1, CR2, CR3, CR4). The proportion of 
corn refuge was 0.2 for the sensitivity analysis about pyramided-Bt corn. When all parameters 
were held at their standard settings, the durability of pyramided-Bt corn was over 50 years in the 
landscapes I and II, but resistance to pyramided-Bt corn evolved in 15 years in the landscape 
consisting only of corn. When parameters regarding cross-resistance (CR1, CR2, CR3, CR4) 
were at their standard setting, resistance to pyramided-Bt corn in landscapes I and II did not 
evolve within 50 years when the dominance of the resistance alleles (h1, h2) were from 0 to 0.5 
(Table 5.3). In the landscape consisting only of corn, D. saccharalis became extinct when the 
dominance of the resistance alleles were less-than-or-equal-to 0.1 and parameters regarding 
cross-resistance (CR1, CR2, CR3, CR4) were at their standard settings. 
Parameters, except cross-resistance (CR1, CR2, CR3, CR4) and the dominance of the 
resistance alleles (h1, h2), were at their standard settings in the sensitivity analysis about cross-
resistance (Table 5.4). In the landscape I or II, resistance to pyramided-Bt corn did not evolve 
within 50 years if the dominance of the resistance alleles was less-than-or-equal-to 0.5 and the 
cross-resistance provided by a resistance allele at the first or second locus (CR2, CR4) was less-
than-or-equal-to 0.5. 
 
Moth Movement 
Results from a sensitivity analysis regarding inter-patch moth movement (Mv) are shown 
in this subsection. The proportion of moths moving from one patch to another patch per day (Mv) 
had a significant effect on the durability of Bt corn. When the proportion of refuge (propRef) was 
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0.5, comparing to the standard rate of moths moving from one patch to another patch (Mv=10-2), 
a low rate of moths moving from one patch to another patch (10-4≤Mv≤10-3) accelerated the 
evolution of resistance to single-protein (Figure 5.5) or pyramided-Bt corn (Figure 5.6). 
However, when the proportion of corn refuge was 0.2, comparing to the standard rate of moths 
moving from one patch to another patch (Mv=10-2), a low rate of moths moving from one patch 
to another patch (10-4≤Mv≤10-3) delayed the evolution of resistance to single-protein or 
pyramided-Bt corn. The durability of single-protein-Bt corn with 50% corn refuge in the 
landscape I and II was better when Mv was 10-2 than when Mv was 10-1, 10-3, or 10-4. The 
durability of pyramided-Bt corn with 20% corn refuge in the landscape I and II was better when 
Mv was 10-4 to 10-3 than when Mv was 10-2 to10-1. For both single-protein- and pyramided-Bt 
corn cases, the fastest evolution of resistance was found when Mv was 10-1. 
 
Overwintering 
This subsection shows results from a sensitivity analysis regarding overwintering (OW). In 
general, the evolution of Bt-resistance accelerated when larvae entered diapause for 
overwintering early in the range of the first date larvae enter diapause for overwintering (OW) 
from day 260 to 272 (Figure 5.7). The durability of single-protein-Bt corn in the landscape II 
increased from 16 to over 50 years as OW increased from Julian day 268 to 272.  The durability 
of pyramided-Bt corn in the landscape I decreased from over 50 to 27 years as OW decreased 
from Julian day 268 to 264. 
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Discussion 
The resistance-allele frequencies for the moths emerging from the corn patch were 
greater than those for the moths emerging from other cultivated hosts (Figure 5.8), because most 
moths emerging in the corn patch mated with moths emerging from the same patch. The ratio of 
the total number of moths emerging from the corn patch to the total number of moths emerging 
from the sugarcane, sorghum, and rice patches increased as the proportion of corn refuge 
increased while Bt-resistance was evolving. Thus, the greater proportion of corn refuge reduced 
the likelihood that the moths emerging from the corn patch mated with moths emerging from the 
patches of other cultivated hosts. In addition, resistant moths had 100% survival in non-Bt corn 
but 55% survival on Bt corn. That makes refuge better for resistant moths. For these reasons, an 
increase in the proportion of corn refuge did not always improve the durability of Bt corn in the 
landscape with corn, sugarcane, sorghum, and rice. 
A low rate of moths moving from one patch to another patch (10-4≤Mv≤10-3) accelerated 
the evolution of resistance to Bt corn when the proportion of corn refuge was 0.5, but delayed the 
Bt-resistance evolution when the proportion of corn refuge was 0.2. As the proportion of moths 
moving from one patch to another patch per day (Mv) decreased, the ratio of the number of 
moths emerging from the corn patch to the number of moths emerging from the sugarcane, 
sorghum, and rice patches decreased faster when the proportion of corn refuge was 0.2 than 
when the proportion of corn refuge was 0.5 while resistance was evolving. For example, when 
pyramided-Bt corn was used in the landscape I with 20% corn refuge, the ratio of the number of 
moths emerging from the corn patch to the number of moths emerging from all other patches 
decreased from approximately 0.13:1 to 0.007:1 as Mv decreased from 10-2 to 10-4. However, 
when the proportion of corn refuge was 0.5, the ratio only changed from approximately 0.33:1 to 
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0.32:1 as Mv decreased from 10-2 to 10-4. The difference between the resistant-allele frequencies 
for D. saccharalis in the corn patch and those in all other patches increased as Mv decreased. 
These correlations contributed to the interaction of Mv (the proportion of moths moving from 
one patch to another patch per day) and propRef (the proportion of refuge) affecting Bt-
resistance evolution. Inter-field movement of moths (Mv) had a significant effect on the 
evolution of Bt-resistance by D. saccharalis. However, the inter-field movement of D. 
saccharalis moths has not been studied. 
The first date that larvae enter diapause for overwintering (OW) had a significant effect 
on the evolution of Bt-resistance by D. saccharalis in the landscapes I and II. The number of 
larvae entering diapause for overwintering increased as the first date larvae enter diapause for 
overwintering (OW) became earlier. Because I assumed that female moths do not oviposit in a 
patch after the crop in that patch was harvested, only individuals entering egg or young larva 
stage before the harvest had a chance to overwinter. In this model, corn was harvested (Julian 
day 234) earlier than sugarcane (Julian day 272), sorghum (Julian day 240), or rice (Julian day 
237), so the number of overwintering larvae in the corn patch decreased faster than those of 
overwintering larvae in the sugarcane, sorghum, or rice patches as the first date larvae enter 
diapause for overwintering (OW) delayed.  The resistance-allele frequencies for the moths 
emerging from the sugarcane, sorghum, or rice patches were less than those for the moths 
emerging from the corn patch while the resistance was evolving. For these reasons, resistance to 
Bt corn in the area with sugarcane, sorghum, and rice evolved slower as the first date larvae enter 
diapause for overwintering (OW) delayed. This suggests that reducing the number of larvae 
overwintering in corn can delay the evolution of resistance by D. saccharalis to Bt corn in the 
agro-ecosystem having sugarcane, sorghum, or rice. Because of the importance of D. saccharalis 
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overwintering to IRM, the overwintering of D. saccharalis should be studied to improve 
forecasting for the durability of Bt corn and designing new tactics for IRM. I note that the 
functions for overwintering of D. saccharalis in this study may not be realistic because they are 
based only on the short description of D. saccharalis overwintering from Hensley (1971). 
Sugarcane in Louisiana is grown usually in different rotation cycles. Depending on a 
rotation cycles, the effective area of sugarcane for D. saccharalis may change over time. Future 
models for D. saccharalis resistance management can incorporate the sugarcane rotation cycle. 
This study suggests that an increase in the areas of sugarcane, sorghum, and rice may 
improve the durability of Bt corn for D. saccharalis management. However, the number of D. 
saccharalis in cornfields may increase as the areas of sugarcane, sorghum, and rice increase 
because D. saccharalis infestation in cornfields can be initiated mainly by the great number of D. 
saccharalis overwintering in sugarcane, sorghum, or rice. For these reasons, stakeholders should 
not increase the areas of sugarcane, sorghum, or rice as a strategy to manage Bt-resistance in D. 
saccharalis. 
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CHAPTER 6: CONCLUSIONS 
 
Findings from Modeling Studies 
My modeling studies focused on preventative insect resistance management (IRM) 
programs for major insect pests of corn or cowpea, and explored challenges for managing insect 
resistance to transgenic crops. The three major challenges were 1) low susceptibility of insect 
pests to Bt toxins expressed in single-toxin-Bt corn, 2) lack of alternative IRM strategies, and 3) 
lack of knowledge about the biology and behavior of an insect pest. 
First, the major problem in Bt-resistance management for the western corn rootworm, 
Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae) and the sugarcane borer, 
Diatraea saccharalis (F.) (Lepidoptera: Crambidae), is that toxins expressed in single-toxin-Bt 
corn hybrids are expressed at low doses (Storer et al. 2006; Wu et al. 2009b; Hibbard et al. 2010, 
2011; Ghimire et al. 2011). In the standard simulations, D.v. virgifera evolved resistance to 
single-toxin-Bt corn with a 20% seed blend in 11 years. The resistance by D. saccharalis to 
single-toxin-Bt corn evolved in 16 years in a landscape with 90% corn where the proportion of 
refuge was 0.5. Current IRM programs are heavily dependent on the high-dose refuge strategy 
(Gould 1998) which assumes that the Bt toxin will be expressed at dose high enough to cause 
>99.9% mortality of susceptible homozygotes and >95% of heterozygotes. If the toxins 
expressed in transgenic crops are not expressed at a high dose, the refuge size would need to 
increase to produce enough susceptible insects to dilute the percent resistance in the population 
(Roush 1997, 1998). However, a greater refuge size can increase the cost of the crop production 
(due to increase in insect management cost and yield reduction in refuge corn) and undermine 
the willingness of the growers to comply with refuge requirements. Moreover, in my D. 
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saccharalis modeling study, increase in the proportion of refuge did not always slow down Bt-
resistance if there were sugarcane, sorghum, or rice in the agro-ecosystem. To manage D. v. 
virgifera and D. saccharalis susceptibility to Bt toxins, pyramided-Bt corn may be a better 
solution than single-toxin-Bt corn. However, pyramided-Bt crops have much less value for IRM 
without the increase in mortality through independent activity of each toxin (Onstad and Meinke 
2010). In other words, pyramided-Bt crops have more value for IRM when a toxin-mortality rate 
of insects in pyramided-Bt crops is the multiplication of the two toxin-mortality rates attributable 
solely by each Bt toxin. 
Second, the refuge alone could not effectively delay the evolution of resistance by the 
cowpea weevil, Callosobruchus maculatus F. (Coleoptera: Bruchidae), to transgenic cowpea 
expressing a compound (i.e. a MDT, Bt, or RNAi) causing significant mortality because the 
effectiveness of refuge for delaying the resistance evolution decreased over time in the pre- and 
post-harvest period. Resistance to transgenic cowpea with a single trait (i.e. a maturation-
delaying toxin (MDT) or an insecticide) evolved in less than 15 years. Pyramided cowpea 
expressing an insecticide and a MDT had greater than 15-year durability only when the 
dominance of resistance to an insecticide was low (≤0.01). The use of transgenic cowpea 
expressing a compound, including RNAi, for controlling C. maculatus should be avoided unless 
there is an IRM strategy that can effectively delay the resistance evolution. 
Third, gaps in knowledge of D. saccharalis biology were found in the D. saccharalis 
modeling study. The evolution of Bt-resistance in D. saccharalis was significantly affected by 
the inter-field moth movement and the larval overwintering. However, these factors have not 
been empirically studied. Inter-field movement and larval overwintering should be studied to 
improve IRM for D. saccharalis. 
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Well-known concerns about biological, ecological factors affecting insect-resistance 
evolution were investigated in my modeling studies. Bt-pollen drift had little impact on the 
evolution of Bt resistance in European corn borer, Ostrinia nubilalis Hübner (Lepidoptera: 
Crambidae). The evolution of resistance by O. nubilalis to Bt corn was accelerated by low-toxin 
expression in ears of Bt corn. An emergence delay and a female-skewed sex ratio for beetles in 
Bt corn were not a major concern for managing resistance by D. v. virgifera to single-toxin-or 
pyramided-Bt corn. 
 
Future IRM 
Transgenic plants expressing insecticidal proteins were first commercialized in 1996 
amid concern from scientists, regulators and environmentalists about the possibility of evolution 
of resistance by insect pests (Bates et al. 2005). Over 40 plant-incorporated protectants (PIPs), 
including more than 20 Bt-corn PIPs and three Bt-cotton PIPs, were registered between 1995 and 
2011 (Matten et al. 2012). Complexity in the design of IRM strategies has increased as the 
number of PIPs expressed in transgenic crops and their target insect pests has grown. For 
example, simultaneous selection for resistance to all toxins can occur in separate locations 
(Onstad 2008), and cultivars with multiple toxins may not delay resistance significantly longer 
than cultivars with single toxins if they are introduced in a mosaic with single toxin cultivars 
(Roush 1998, Hurley 2000, Zhao et al. 2005, Gould et al. 2006, Onstad and Mienke 2010).  
IRM programs need to be adapted to changes in Bt crop technology and based on an 
understanding of the factors influencing the evolution of resistance (Glaser and Matten 2003). 
Over the past over 15 years, EPA has made changes to the IRM requirements of Bt PIP products 
and the regulatory policy to strengthen the refuge requirements, resistance monitoring, and 
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compliance assurance programs (Matten et al. 2012). The economics of the crop production 
system should be factored into IRM strategies over the long term (Onstad 2008). Thus, IRM and 
integrated pest management (IPM) should be considered together because robust IRM strategies 
are complemented by good IPM (Onstad 2008, Onstad et al. 2011). Implementing principles of 
IPM will reduce unnecessary exposure of PIPs in insects, which will improve the management of 
the susceptibility of insect pests to PIPs. 
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FIGURES AND TABLES 
 
Table 2.1. Sequence of mortality factors in early larval stages based on movement and location 
TOXW is the exponent for the toxin survival rate (distributes the effect over first two stages). 
PNIMB or PNIMR equals 1 for the instar that moves to corn ears. PIMB and PIMR are the 
probabilities of moving to corn kernels given PINM = 1. 
 
  
Life stage Location Mortality factors 
Neonate Bt & non-Bt corn 80% survive on original plant of any kind if they do not move 
  10% survive during inter-plant movement 
 Bt corn 100% survive due to predispersal tasting of Bt corn 
1st instar Bt corn If TOXW = 1, low survival due to feeding on vegetative tissue 
  
If TOXW = 0.5, higher survival due to feeding on vegetative 
tissue 
  If PNIMB = 1 and PIMB > 0, Mortality on kernels 
 Non-Bt corn 
If PNIMR = 1 and PIMR > 0, Mortality on cross-pollinated 
kernels 
2nd instar Bt corn Mortality due to natural factors 
  If TOXW = 0.5, mortality due to feeding on vegetative tissue 
  If PNIMB = 0 and PIMB > 0, mortality on kernels 
 Non-Bt corn Mortality due to natural factors 
  If PNIMR = 0 and PIMR > 0, mortality on cross-pollinated 
kernels 
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Table 2.2. The effect of PIMr (the proportion of larvae moving to kernels on refuge plants) and 
TOXW (the proportion of toxin mortality during first-instar stage) on Bt-resistance evolution in 
O. nubilalis under single-toxin scenario with cross-pollination. Numbers in the table are the 
number of years required for resistance allele frequency to exceed 0.5 with a 20% block refuge 
with 50% cross-pollination or 20% seed-blend refuge with 100% cross-pollination. 
hRK = 1.0 and PNIMr = 1. 
 PIMr 
 Block refuge Seed-mixture refuge 
TOXW 0  0.2 0.4 0 0.2 0.4 
1 34 32a 31 34 32 29 
0.5 37 36 34 38 35 32 
aResult with standard version of model  
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Table 2.3. The effect of PIMr (the proportion of larvae moving to kernels on refuge plants) and 
TOXW (the proportion of toxin mortality during first-instar stage) on Bt-resistance evolution in 
O. nubilalis under pyramided-toxin scenario with cross-pollination. Numbers in the table are the 
number of years required for resistance allele frequency to exceed 0.5 with a 5% seed-blend 
refuge with 100% cross-pollination. hRK = 1.0 and PNIMr = 1. 
 PIMr 
 Multiplicativeb Minimumc 
TOXW 0 0.2 0.4 0 0.2 0.4 
1 62 61a 59 67 66 66 
0.5 78 75 72 83 83 82 
aResult with standard version of model 
bProduct of two toxin-survival rates  
cMinimum of two toxin-survival rates  
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Table 2.4. The effects of PIMBt (the proportion of larvae moving to Bt ears) and TOXW (the 
proportion of toxin mortality during first-instar stage) on Bt-resistance evolution in O. nubilalis 
under single-toxin scenario. Numbers in the table are the number of years required for resistance 
allele frequency to exceed 0.5 with a 20% block refuge with 0% cross-pollination or 20% seed-
blend refuge with 0% cross-pollination. hBK  = 0.25 and PNIMBt = 1. 
 PIMBt 
 Block refuge Seed-blend refuge 
TOXW 0 0.2 0.4 0 0.2 0.4 
1 39 34a 29 39 34 29 
0.5 43 37 31 44 38 32 
aResult with standard version of model  
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Table 2.5. The effects of PIMBt (the proportion of larvae moving to Bt ears) and TOXW (the 
proportion of toxin mortality during first-instar stage) on Bt-resistance evolution in O. nubilalis 
under pyramided-toxin scenario. Numbers in the table are the number of years required for 
resistance allele frequency to exceed 0.5 with a 5% block refuge with 0% cross-pollination. hBK= 
0.25 and PNIMBt = 1. 
 PIMBt 
 Multiplicativeb Minimumc 
TOXW 0 0.2 0.4 0 0.2 0.4 
1 65 59a 53 63 58 51 
0.5 83 73 62 79 70 60 
aResult with standard version of model 
bProduct of two toxin-survival rates  
cMinimum of two toxin-survival rates  
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Table 2.6. The effects of hBK (the dominance of resistance allele for larvae feeding on Bt kernels), 
and TOXW (the proportion of toxin mortality during first-instar stage) on Bt-resistance evolution 
in O. nubilalis under pyramided-toxin scenario. Numbers in the table are the number of years 
required for resistance allele frequency to exceed 0.5 with a 5% block refuge with 0% cross-
pollination. PIMBt = 0.2 and PNIMBt = 1, and stoxBKSS = 0.23. 
 hBK 
 Multiplicativeb Minimumc 
TOXW 0.0 0.1 0.5 1.0 0.0 0.1 0.5 1.0 
1 66 62a 58 50 67 66 65 63 
0.5 84 77 70 60 84 82 81 78 
aResult with standard version of model  
bProduct of two toxin-survival rates  
cMinimum of two toxin-survival rates 
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Figure 2.1. Processes in O. nubilalis Bt resistance management model. 
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Figure 2.2. Proportion of male mating in age classes calculated from the O. nubilalis-protandry-
simulation model based upon Royer and McNeil (1993)’s study.  
*The width of male-age class is 0.1 d. 
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Figure 2.3. Density-dependent survival rate function based upon data from Witkowski and 
Echtenkamp (1987). 
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Figure 2.4. The number of years required for the resistance allele frequency to increase from 
0.0001 to 0.5 in block or seed-mixture refuge under single-toxin scenario without cross-
pollination. 
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Figure 2.5. The number of years required for the resistance allele frequencies to increase from 
0.0001 to 0.5 in block or seed-blend refuge under pyramided-toxin scenario with multiplicative-
toxin-survival rates without cross-pollination. 
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Table 3.1. List of parameters for sensitivity analyses 
Parameter Standard value Description 
propPlt non-Bt 
0.2 
for single-
toxin-Bt corn, 
0.05 
for pyramided-
Bt corn 
The proportion of refuge of non-Bt corn 
minStox 0.01 The minimum-toxin-survival rate 
h 0.5 The dominance of a resistance allele 
maxStox 1 The maximum-toxin-survival rate 
z -0.5 
The parameter determines the distribution of toxin 
survival over two sexes 
maxDel male 3 days 
The greatest degree of delay for adult emergence of 
males in Bt corn 
hDel male 0.5 
The dominance of the resistance allele for delayed adult 
emergence of males in Bt corn 
minDel male 0 days 
The smallest degree of delay for adult emergence of 
males in Bt corn 
maxDel 
female 
2 days 
The greatest degree of delay for adult emergence of 
females in Bt corn 
hDel female 0.5 
The dominance of the resistance allele for delayed adult 
emergence of females in Bt corn 
minDel female 0 days 
The smallest degree of delay for adult emergence of 
females in Bt corn 
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Table 3.2. Durability of Bt corn in years as influenced by the initial allele frequencies and the 
proportion of non-Bt corn in a seed blend (propPlt non-Bt). The maximum-toxin-survival rate 
(maxStox) was 1. The minimum-toxin-survival rate (minStox) was 0.01. The dominance of a 
resistance allele (h) was 0.5. 
Bt corn propPlt non-Bt 
Initial resistance allele frequency 
10-5  10-4* 10-3 
One toxin 
0.2* 14 11 9 
0.3 20 16 12 
0.4 31 25 19 
0.5 47 38 28 
Two toxins 
0.05* 28 22 16 
0.1 36 28 20 
0.2 60 46 32 
*indicates standard values. 
  
127 
 
Table 3.3. Durability of single-toxin-Bt corn in years as influenced by the maximum-toxin-
survival rate (maxStox), the dominance of a resistance allele (h), and the proportion of non-Bt 
corn in a seed blend (propPlt non-Bt). The minimum-toxin-survival rate (minStox) was 0.01. 
propPlt non-Bt h 
maxStox 
0.25  0.5 0.75 1* 
0.2* 
0.1 100 51 36 28 
0.25 51 27 20 16 
0.5* 31 18 13 11 
0.75 24 14 11 10 
1.0 20 12 10 8 
0.3 
0.1 >100 93 61 46 
0.25 96 47 32 24 
0.5 59 29 20 16 
0.75 45 23 16 12 
1.0 37 19 13 11 
0.5 
0.1 >100 >100 >100 >100 
0.25 >100 >100 80 60 
0.5 >100 75 49 38 
0.75 >100 58 39 30 
1.0 99 50 33 26 
*indicates standard values. 
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Table 3.4. Durability of pyramided-Bt corn in years as influenced by the minimum-toxin-
survival rates (minStox), the dominance of a resistance allele (h), and the proportion of non-Bt 
corn in a seed blend (propPlt non-Bt). The maximum-toxin-survival rate (maxStox) was 1. 
propPlt non-Bt H 
minStox 
0.001  0.01*  
0.05* 
0.01 >100 >100 
0.1 82 >100 
0.25 33 35 
0.5* 22 22 
0.75 18 18 
1.0 15 15 
0.1 
0.01 >100 >100 
0.1 >100 >100 
0.25 51 56 
0.5 28 28 
0.75 21 21 
1.0 17 18 
0.2 
0.01 >100 >100 
0.1 >100 >100 
0.25 >100 >100 
0.5 45 46 
0.75 28 29 
1.0 22 23 
*indicates standard values.  
129 
 
Table 3.5. Durability of pyramided-Bt corn in years as influenced by the maximum-toxin-
survival rate (maxStox), the dominance of resistance alleles (h), and the proportion of non-Bt 
corn in a seed blend (propPlt non-Bt). The minimum-toxin-survival rate (minStox) was 0.01. 
propPlt non-Bt H 
maxStox 
0.25  0.5 0.75 1* 
0.05* 
0.1 >100 >100 >100 >100 
0.25 >100 84 51 35 
0.5* >100 41 29 22 
0.75 85 30 23 18 
1.0 63 25 19 15 
0.1 
0.1 >100 >100 >100 >100 
0.25 >100 >100 97 56 
0.5 >100 62 38 28 
0.75 >100 39 27 21 
1.0 85 30 22 18 
0.2 
0.1 >100 >100 >100 >100 
0.25 >100 >100 >100 >100 
0.5 >100 >100 78 46 
0.75 >100 80 40 29 
1.0 >100 47 29 23 
*indicates standard values.  
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Figure 3.1. Processes in D. v. virgifera model. 
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Figure 3.2. The time of beetle emergence of D. v. virgifera from isoline and Bt corn (Hibbard et 
al. 2011). F (t; µ, σ2) is the cumulative distribution function (CDF) of the normal distribution 
with the parameters t, µ, and σ2, which are time, the center of temporal distribution of beetle 
emergence, and the variance of temporal distribution of beetle emergence, respectively. 
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Figure 3.3. The time of male or female beetle emergence of D. v. virgifera from transgenic corn 
expressing Cry3Bb1 and transgenic corn not expressing Cry3Bb1 in plots in 20% refuge-in-a-
bag (Murphy et al. 2010). F (t; µ, σ2) is the cumulative distribution function (CDF) of the normal 
distribution with the parameters t, µ, and σ2, which are time, the center of temporal distribution 
of beetle emergence, and the variance of temporal distribution of beetle emergence, respectively. 
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Figure 3.4. Time shift in beetle emergence from Bt corn in the D. v. virgifera model. 
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Figure 3.5. The probability of D. v. virgifera males mating at different ages (Quiring and 
Timmins 1990). 
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Figure 3.6. The proportion of eggs laid by a female D. v. virgifera (Branson and Johnson 1973). 
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Figure 3.7. The effect of sex-specific-toxin mortality on evolution of resistance by D. v. virgifera 
to transgenic corn expressing (a) a single Bt toxin or (b) two Bt toxins. The parameter z 
determines the distribution of toxin mortality over two sexes, where a value of -1 means only 
females survive and 1 means that only males survive. 
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Figure 3.8. The effect of a time shift in the emergence of beetles from transgenic corn expressing 
a single Bt toxin with 20% refuge-in-a-bag on resistance allele frequency in the population 
(P(R)). (a) The effect of a time shift in the emergence of beetles of all genotypes from single-
toxin-Bt corn. (b) The effect of a time shift in the emergence of homozygous-resistant and 
heterozygous beetles from single-toxin-Bt corn. (c) The effect of a time shift in the emergence of 
heterozygous and homozygous-susceptible beetles from single-toxin-Bt corn. (d) The effect of a 
time shift in the emergence of homozygous-susceptible beetles from single-toxin-Bt corn. If 
Delay is greater than 0, there is an emergence delay. There is early emergence if Delay is less 
than 0. 
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Figure 3.9. The effect of a time shift in the emergence of beetles from transgenic corn expressing 
two Bt toxins with 5% refuge-in-a-bag on resistance allele frequency in the population (P(R)). (a) 
The effect of a time shift in the emergence of beetles of all genotypes from pyramided-Bt corn. 
(b) The effect of a time shift in the emergence of homozygous-resistant and heterozygous beetles 
from pyramided-Bt corn. (c) The effect of a time shift in the emergence of heterozygous and 
homozygous-susceptible beetles from pyramided-Bt corn. (d) The effect of a time shift in the 
emergence of homozygous-susceptible beetles from pyramided-Bt corn. If Delay is greater than 
0, there is an emergence delay. There is early emergence if Delay is less than 0. 
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Figure 3.10. The effect of a time shift in the emergence for male and female beetles from Bt corn 
on resistance allele frequencies in the population (P(R)). (a) The effect of a time shift in the 
emergence for male beetles of all genotypes from single-toxin-Bt corn. (b) The effect of a time 
shift in the emergence for female beetles of all genotypes from single-toxin-Bt corn. (c) The 
effect of a time shift in the emergence for male beetles of all genotypes from pyramided-Bt corn.   
(d) The effect of a time shift in the emergence for female beetles of all genotypes from 
pyramided-Bt corn. If Delay is greater than 0, there is an emergence delay. There is early 
emergence if Delay is less than 0. 
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Table 4.1. List of parameters for sensitivity analyses. 
Parameter Standard value Description 
tmp 25°C Temperature 
propC non 0.2 
The proportion of non-transgenic cowpea (refuge) planted in the 
field 
msf mdt,S1S1 or 
msf mdt+it,S1S1 
1.5 
The maximum-maturation-scaling factor for immature insect 
homozygous-susceptible at the first locus. 
h1 0.25 
The dominance of the resistant allele at the first locus for delay of 
maturation 
smtox mdt,S1S1 or 
smtox mdt+it,S1S1 
1 
The minimum-maturation-delay-survival rate for the homozygous 
susceptible larvae at the first locus 
h1m 0.5 
The dominance of the resistant allele at the first locus for 
maturation-delay-survival rate 
stox it,S2S2 or 
stox mdt+it,S2S2 
10-3 
The minimum-toxin-survival rate for the homozygous susceptible 
larvae at the second locus 
h2 10-2 The dominance of the resistant allele at the second  locus 
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Table 4.2. The effect of the toxin-survival rate for homozygous susceptible larvae (stox it,S2S 2) 
and the dominance of the resistant allele at the second  locus (h2) on the durability (year) of 
transgenic cowpea expressing only an insecticide. The toxin-survival rate for the genotypes 
homozygous susceptible at the second locus (stox it,S2S 2) was 10-3. The proportion of field refuge 
was PropC non. 
PropC non 
Temperature 
(°C) 
h2 
0 0.01* 0.1 0.5 1.0 
0.2* 25* >99 11 3 2 1 30 78 6 2 1 1 
0.5 25 >99 16 4 3 2 30 >99 6 2 2 2 
* indicates standard values.  
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Table 4.3. The effect of the maturation-scaling factor for the genotypes homozygous susceptible 
at the first locus (msf mdt+it,S1S 1), the dominance of the resistant allele at the first locus for delay in 
maturation (h1), and the dominance of the resistant allele at the second  locus (h2) on the 
durability (year) of transgenic cowpea expressing a non-lethal maturation-delaying toxin (MDT) 
and an insecticide. The toxin-survival rate for the genotypes homozygous susceptible at the 
second locus (stox mdt+it,S2S 2) was10-3. The proportion of field refuge (PropC non) was 0.2.  
 
  
Temperature 
(°C) 
msf 
mdt+it, 
S1S1 
h1 h2 Durability of a MDT 
Durability of 
an insecticide 
25 
1.5 
0.25 0.01 >99 11 0.5 >99 2 
0.5 0.01 55 11 0.5 46 2 
2.0 
0.25 0.01 >99 11 0.5 >99 2 
0.5 0.01 78 11 0.5 72 2 
30 
1.5 
0.25 0.01 >99 6 0.5 >99 2 
0.5 0.01 >99 6 0.5 >99 2 
2.0 
0.25 0.01 >99 5 0.5 >99 2 
0.5 0.01 >99 6 0.5 >99 2 
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Table 4.4. The effect of the toxin-survival rate for homozygous susceptible larvae at the second 
locus (stox mdt+it,S2S 2), the dominance of the resistant allele at the second locus (h2), the 
maturation-delaying-toxin-survival rate for homozygous susceptible larvae at the first locus 
(smtox mdt+it,S1S 1), and the dominance of the resistant allele at the first locus for mortality (h1m) 
on the durability (year) of transgenic cowpea expressing two insecticides or both a lethal MDT 
causing high mortality and an insecticide. The dominance of the resistant allele at the first locus 
for delay in maturation (h1) was 0.25. The maturation-scaling factor for homozygous susceptible 
larvae was msf mdt+it,S1S 1. The proportion of field refuge (PropC non) was 0.2. 
 
  
Traits of 
transgenic 
cowpea 
msf 
mdt+it, 
S1S1 
Temperature 
(°C) 
smtox mdt+it, S1S1, 
stox mdt+it,S2S2 
h1m, 
h2 
Durability 
of  
toxin 1 
Durability 
of  
toxin 2 
Insecticide 
+ 
Insecticide 
1.0 
25 
0.001 
0.01 >99 >99 
0.1 >99 >99 
0.5 9 9 
0.01 
0.01 >99 >99 
0.1 >99 >99 
0.5 8 8 
30 
0.001 
0.01 >99 >99 
0.1 >99 >99 
0.5 4 4 
0.01 
0.01 >99 >99 
0.1 44 44 
0.5 3 3 
Insecticide 
+ 
Lethal 
MDT 
1.5 
25 
0.001 
0.01 >99 >99 
0.1 >99 >99 
0.5 10 10 
0.01 
0.01 >99 >99 
0.1 >99 >99 
0.5 9 9 
30 
0.001 
0.01 >99 >99 
0.1 >99 >99 
0.5 4 4 
0.01 
0.01 >99 >99 
0.1 39 39 
0.5 4 4 
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Table 4.5. The effect of the dominance of the resistant allele at the second locus (h2), the 
maturation-delaying-toxin-survival rate for homozygous susceptible larvae (smtox mdt+it,S1S 1), and 
the dominance of the resistant allele at the first locus for mortality caused by a lethal maturation-
delaying toxin (MDT) (h1m) on the durability (year) of transgenic cowpea expressing a lethal 
MDT causing low mortality (0.1≤smtox mdt+it,S1S 1≤0.5) and an insecticide. The toxin-survival rate 
for the genotypes homozygous susceptible at the second locus (stox mdt+it,S2S 2) was 10-3. The 
maturation-scaling factor for the genotypes homozygous susceptible at the first locus (msf mdt+it, 
S1S 1) was 1.5. The dominance of the resistant allele at the first locus for delay in maturation (h1) 
was 0.25. The proportion of field refuge (PropC non) was 0.2. 
 
 
 
 
  
Temperature 
(°C) h2 
smtox 
mdt+it, 
S1S1 
h1m 
Durability 
of lethal 
MDT 
Durability of 
insecticide 
25 
0.01 
0.1 0.5 88 88 1 84 84 
0.5 0.5 23 20 1 22 20 
0.1 
0.1 0.5 16 16 1 15 15 
0.5 0.5 9 5 1 7 5 
30 
0.01 
0.1 0.5 32 32 1 31 30 
0.5 0.5 11 9 1 10 9 
0.1 
0.1 0.5 8 7 1 7 7 
0.5 0.5 5 3 1 4 3 
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Table 4.6. The effect of the maturation-scaling factor for the genotypes homozygous susceptible 
at the first locus (msf mdt,S1S 1) and the dominance of the resistant allele at the first locus for delay 
in maturation (h1) on the durability (year) of transgenic cowpea expressing only a non-lethal 
maturation-delaying toxin (MDT). The proportion of field refuge was propC non. 
propC non 
Temperature 
(°C) msf mdt, S1S1 
h1 
0 0.25* 0.5 1.0 
0.2* 
25* 
1.2 >99 >99 79 59 
1.5* >99 >99 44 55 
2.0 >99 >99 68 39 
30 
1.2 >99 >99 56 23 
1.5 >99 >99 >99 22 
2.0 >99 >99 >99 20 
0.5 
25 
1.2 >99 >99 89 >99 
1.5 >99 >99 >99 >99 
2.0 >99 >99 >99 >99 
30 
1.2 >99 >99 >99 39 
1.5 >99 >99 >99 >99 
2.0 >99 >99 >99 >99 
* indicates standard values 
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Table 4.7. The effect of the maturation-delaying-toxin-survival rate for homozygous susceptible 
larvae (smtox mdt,S1S 1) and the dominance of the resistant allele at the first locus for mortality 
caused by a lethal maturation-delaying toxin (MDT) (h1m) on the durability (year) of transgenic 
cowpea expressing only a lethal MDT. The maturation-scaling factor for the genotypes 
homozygous susceptible at the first locus (msf mdt, S1S1) was 1.5. The dominance of the resistant 
allele at the first locus for delay in maturation (h1) was 0.25. The proportion of field refuge 
(propC non) was 0.2. 
Temperature 
(°C) 
smtox 
mdt, S1S1 
h1m 
Durability 
of lethal 
MDT 
25 
0.001 
0.01 11 
0.1 3 
0.5 2 
0.1 
0.1 4 
0.5 3 
1 2 
0.5 
0.1 14 
0.5 5 
1 3 
30 
0.001 
0.01 6 
0.1 2 
0.5 1 
0.1 
0.1 3 
0.5 2 
1 2 
0.5 
0.1 9 
0.5 3 
1 3 
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Table 4.8. The effect of the proportion of beetles moving from the storage to the field per time 
step (=0.1 day) (fcol) on the durability (year) of transgenic cowpea. The durability of transgenic 
cowpea expressing an insecticide and a lethal MDT was the number of years required for the 
resistance allele frequency (P(R2)) to reach 0.5. The maturation-delaying-toxin-survival rate for 
the homozygous susceptible larvae (smtox mdt,S1S 1) was 0.5 for transgenic cowpea expressing an 
insecticide and a lethal MDT. The rest of the parameters were held at their standard setting. 
Traits of transgenic cowpea fcol 10-3 10-2 10-1 
Insecticide (99.9% mortality) 11 11 10 
Insecticide (99.9% mortality) 
+ 
Lethal MDT (50% maturation delay + 50% 
mortality) 
19 20 15 
Non-lethal MDT (50% maturation delay) 51 >99 >99 
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Figure 4.1. Processes in C. maculatus model. 
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Figure 4.2. Cowpea production system 
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Figure 4.3. Comparison of traits for transgenic cowpea for managing C. maculatus. (a) Efficacy 
of transgenic cowpea traits for C. maculatus. (b) The evolution of resistance by C. maculatus to 
transgenic cowpea traits. Temperature was 25°C. The proportion of field refuge was 20 %. The 
resistance-allele frequency P(R) was the frequency of the resistance at the first locus (P(R1)) for 
single-maturation-delating-toxin (MDT) traits and the frequency of the resistance at the second 
locus (P(R2)) for other traits. The dominance of the resistant allele for mortality caused by a 
lethal MDT (h1m) was 0.01 for the 50%-maturation-delaying trait causing 99.9% mortality and 
0.5 for the 50%-maturation-delaying trait causing 50 or 90% mortality. The rest of the 
parameters remained at their standard setting. 
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Table 5.1. List of parameters for modeling resistance of D. saccharalis to transgenic Bt corn. 
Parameter Standard value Description 
A cn 
37.67 (ha) 
for the agro-ecosystem I  
or 90 (ha) 
for the agro-ecosystem II 
The area of the corn patch 
propRef 
0.5 
for single-protein-Bt corn 
0.2 
for pyramided-Bt corn 
The proportion of corn refuge (non-Bt corn) in 
the corn patch 
Stox1 Bt_cn, R1R1, 
Stox2 Bt_cn, R2R2 
0.55 The maximum-toxin-survival rate for the first and second Bt proteins 
Stox1 Bt_cn, S1S1 0.039 
The minimum-toxin-survival rate for the first Bt 
protein 
Stox2 Bt_cn, S2S2 0.021 
The minimum-toxin-survival rate for the second 
Bt protein 
h1 0.358 The dominance of a resistance allele at the first locus 
h2 0.38 The dominance of a resistance allele at the second locus 
CR1 0.437 The cross-resistance provided by two resistance allele at the first locus to the second Bt protein 
CR3 0.437 The cross-resistance provided by two resistance allele at the second locus to the first Bt protein 
CR2 0.169 The cross-resistance provided by one resistance alleles at the first locus to the second Bt protein 
CR4 0.169 The cross-resistance provided by one resistance alleles at the second locus to the first Bt protein 
Mv 10-2 per day The proportion of moths moving from one patch to other patch per day 
OW  Day 268 The first date larvae enter diapauses for overwintering 
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Table 5.2. The effect of the minimum-toxin-survival rate (Stox1 Bt_cn, S1S1), the maximum-toxin-
survival rate (Stox1 Bt_cn, R1R 1), and the dominance of the resistance allele (h1) on the durability of 
single-protein-Bt corn. The area of a patch was A p. The proportion of refuge (propRef) was 0.5.  
 
  
Crop area (ha) Stox1 
Bt_cn, S1S1 
h1 Stox1 Bt_cn, R1R1 0.55 1.0 
Landscape  I 
(Acn=37.67, Asc=26.88, 
Asg=27.48, Arc=7.97) 
10-3 
0 >50 >50 
0.01 >50 >50 
0.1 >50 >50 
0.5 25 11 
1.0 11 6 
10-2 
0 >50 >50 
0.01 >50 >50 
0.1 >50 >50 
0.5 25 11 
1.0 11 6 
Landscape II 
(Acn=90, Asc=0, Asg=5, 
Arc=5) 
10-3 
0 >50 >50 
0.01 >50 >50 
0.1 38 20 
0.5 10 6 
1.0 6 4 
10-2 
0 >50 >50 
0.01 >50 >50 
0.1 44 22 
0.5 10 6 
1.0 6 4 
100% corn 
(Acn=100, Asc=0, Asg=0, 
Arc=0) 
10-3 
0 >50 >50 
0.01 >50 >50 
0.1 23 12 
0.5 7 4 
1.0 4 3 
10-2 
0 >50 >50 
0.01 >50 >50 
0.1 34 17 
0.5 9 5 
1.0 5 4 
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Table 5.3. The effect of the minimum-survival rates (Stox1 Bt_cn, S1S1, Stox1 Bt_cn, S2S 2), the 
maximum-survival rates (Stox1 Bt_cn, R1R 1, Stox2 Bt_cn, R2R2), and the dominance of the resistance 
alleles (h1, h2) on the durability of pyramided-Bt corn. The proportion of refuge (propRef) was 
20%. The year (T) the total number of adults per year in the corn patch is less than 10-15 is Text. 
 
 
  
Patch area (ha) Stox1 Bt_cn, S1S1, Stox2 Bt_cn, S2S2 
h1, 
h2 
Stox1 Bt_cn, R1R1,  
Stox2 Bt_cn, R2R2 
0.55 1.0 
Landscape I 
(Acn=37.67, Asc=26.88, 
Asg=27.48, Arc=7.97) 
10-3 
0 >50 >50 
0.01 >50 >50 
0.1 >50 >50 
0.5 >50 >50 
1.0 >50 50 
10-2 
0 >50 >50 
0.01 >50 >50 
0.1 >50 >50 
0.5 >50 >50 
1.0 >50 47 
Landscape II 
(Acn=90, Asc=0, Asg=5, 
Arc=5) 
10-3 
0 >50 >50 
0.01 >50 >50 
0.1 >50 >50 
0.5 >50 >50 
1.0 >50 26 
10-2 
0 >50 >50 
0.01 >50 >50 
0.1 >50 >50 
0.5 >50 >50 
1.0 >50 24 
100% corn 
(Acn=100, Asc=0, Asg=0, 
Arc=0) 
10-3 
0 22ext 22ext 
0.01 22ext 22ext 
0.1 22ext 22ext 
0.5 13 7 
1.0 7 4 
10-2 
0 22ext 22ext 
0.01 22ext 22ext 
0.1 22ext 22ext 
0.5 12 7 
1.0 7 4 
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Table 5.4. The effect of cross-resistance (CR1, CR2, CR3, CR4) on the durability of pyramided-
Bt corn in 100% corn area (Acn=100, Asc=0, Asg=0, Arc=0). The definition of CR is shown in 
Table 5.1. The proportion of refuge (propRef) was 20%. The minimum-toxin-survival rates 
(Stox1 Bt_cn, S1S1, Stox2 Bt_cn, S2S 2) were at their standard setting. The dominance of the resistance 
alleles at the first and second loci are h1 and h2, respectively. The year (T) the total number of 
adults per year in the corn patch is less than 10-15 is Text. 
h1,h2 Cr1, Cr3 Cr2, Cr4 Durability 
0.01 
0 0 22ext 
0.1 0 22
ext 
0.1 22ext 
0.5 
0 22ext 
0.1 22ext 
0.5 21 
1.0 
0 22ext 
0.1 22ext 
0.5 20 
1.0 5 
0.1 
0 0 22ext 
0.1 0 22
ext 
0.1 22ext 
0.5 
0 22ext 
0.1 22ext 
0.5 12 
1.0 
0 22ext 
0.1 22ext 
0.5 11 
1.0 5 
0.5 
0 0 22ext 
0.1 0 22
ext 
0.1 17 
0.5 
0 22ext 
0.1 15 
0.5 6 
1.0 
0 22ext 
0.1 14 
0.5 5 
1.0 4 
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Figure 5.1. Processes in D. saccharalis Bt-resistance management model. 
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Figure 5.2. Spatial design and inter-field movement of moths for D. saccharalis model. 
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Figure 5.3. The effect of the proportion of refuge (propRef) on the evolution of resistance by D. 
saccharalis to single-protein-Bt corn. (a) Landscape I (Acn=37.67, Asc=26.88, Asg=7.97, 
Arc=27.48) (b) Acn=40, Asc=0, Asg=30, Arc=30 (c) Acn=90, Asc=3.33, Asg=3.33, Arc=3.33 (d) 
Landscape II (Acn=90, Asc=0, Asg=5, Arc=5) (e) Acn=100, Asc=0, Asg=0, Arc=0. The areas of corn, 
sugarcane, sorghum, and rice patches were Acn, Asc, Asg, and Arc, respectively. Parameters except 
propRef and A were at their standard setting. The frequency of a resistance allele is P(R). 
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Figure 5.4. The effect of the proportion of refuge (propRef) on the evolution of resistance by D. 
saccharalis to pyramided-Bt corn. (a) Landscape I (Acn=37.67, Asc=26.88, Asg=7.97, Arc=27.48) 
(b) Acn=40, Asc=0, Asg=30, Arc=30 (c) Acn=90, Asc=3.33, Asg=3.33, Arc=3.33 (d) Landscape II 
(Acn=90, Asc=0, Asg=5, Arc=5) (e) Acn=100, Asc=0, Asg=0, Arc=0. The areas of corn, sugarcane, 
sorghum, and rice patches were Acn, Asc, Asg, and Arc, respectively. Parameters except propRef 
and A were at their standard setting. The frequency of a resistance allele is P(R). 
 
  
159 
 
Figure 5.5. The effect of the proportion of moths moving from one patch to another patch per 
day (Mv) on the evolution of resistance by D. saccharalis to single-protein-Bt corn. (a) Single-
protein-Bt corn in landscape I (Acn=37.67, Asc=26.88, Asg=7.97, Arc=27.48) with 20% refuge 
(propRef=0.2) (b) Single-protein-Bt corn in landscape II (Acn=90, Asc=0, Asg=5, Arc=5) with 20% 
refuge (c) Single-protein-Bt corn in landscape I with 50% refuge (d) Single-protein-Bt corn in 
landscape II with 50% refuge. The areas of corn, sugarcane, sorghum, and rice patches were Acn, 
Asc, Asg, and Arc, respectively. Parameters except Mv, propRef, and A were at their standard 
setting. The frequency of a resistance allele is P(R). 
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Figure 5.6. The effect of the proportion of moths moving from one patch to another patch per 
day (Mv) on the evolution of resistance by D. saccharalis pyramided-Bt corn. (a) pyramided-Bt 
corn in landscape I (Acn=37.67, Asc=26.88, Asg=7.97, Arc=27.48) with 20% refuge (propRef=0.2) 
(b) pyramided-Bt corn in landscape II (Acn=90, Asc=0, Asg=5, Arc=5) with 20% refuge (c) 
pyramided-Bt corn in landscape I with 50% refuge (d) pyramided-Bt corn in landscape II with 50% 
refuge. The areas of corn, sugarcane, sorghum, and rice patches were Acn, Asc, Asg, and Arc, 
respectively. Parameters except Mv, propRef, and A were at their standard setting. The frequency 
of a resistance allele is P(R). 
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Figure 5.7. The effect of the first date larvae enter diapause for overwintering (OW) on the 
evolution of resistance by D. saccharalis to single-protein- or pyramided-Bt corn. (a) Single-
protein-Bt corn in landscape I (Acn=37.67, Asc=26.88, Asg=7.97, Arc=27.48) (b) Single-protein-Bt 
corn in landscape II (Acn=90, Asc=0, Asg=5, Arc=5) (c) Pyramided-Bt corn in landscape I 
(Acn=37.67, Asc=26.88, Asg=7.97, Arc=27.48) (d) Pyramided-Bt corn in landscape II (Acn=90, 
Asc=0, Asg=5, Arc=5). The areas of corn, sugarcane, sorghum, and rice patches were Acn, Asc, Asg, 
and Arc, respectively. The proportion of refuge (propRef) was 50% for single-protein-Bt corn and 
20% for pyramided-Bt corn. Parameters except OW, propRef, and A were at their standard 
setting. The frequency of a resistance allele is P(R). 
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Figure 5.8. The effect of the proportion of refuge (propRef) on (a) the total number of emerging 
moths per year and (b) the evolution of resistance by D. saccharalis to single-protein-Bt corn in 
corn, sorghum, and rice patches in landscape II (Acn=90, Asc=0, Asg=5, Arc=5). The areas of corn, 
sugarcane, sorghum, and rice patches were Acn, Asc, Asg, and Arc, respectively. The frequency of 
a resistance allele is P(R). 
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APPENDIX A: VERIFICATION OF THE OSTRINIA NUBILALIS MODEL 
SOFTWARE 
We verified the ECB computer program written in C++ by analyzing results with sets of 
parameters. When some parameters are changed, the rest of the parameters remain constant as 
their default setting. 
 
Default Setting for Verification 
The three cases, such as the one-locus-to-one-toxin case, the two-loci-to-one-toxin case, 
and the three-loci-to-two-toxin case, are checked for each process for verification. The 
proportion of non-transgenic corn plants is 0.5, and the refuge is a block. The proportion of the 
refuge ears fertilized by Bt-pollen is 0.5. The second-generation-female moths do not oviposit, 
but 40 first-generation eggs are added only on the first day in the simulation. The initial 
genotypic egg densities follow a Hardy-Weinberg distribution. The initial frequency of any 
resistant allele is 0.5. For all genotypes, frcD(g), which is fraction for developmental rate for 
genotype (g), is 1.0. Therefore, we use normal maturation and the days required to develop for 
egg, first instar, second instar, third instar, fourth instar, fifth instar, and pupal stages are 7, 6, 4, 
4, 6, 14, and 14, respectively.  Diapause does not occur in any life stage. The survival rates of all 
life stages are 1.0. The fecundity fnd of all genotypes is 20, and each female moth lays 2 eggs per 
day for 10-d-oviposition period. 100% of eggs are fertile, and 100% of fertile eggs hatch. Larvae 
do not move to ears. There is no selection pressure. The parameters not mentioned in this section 
remain the same as described in the materials and methods section. The simulation runs for 1 
year. 
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Tests for Verification 
For each test, the change in parameters, expected results, and results from the simulation 
are written below. 
1) The initial number of eggs is 0.0. 
Expectation: The number of a) eggs, b) larvae, c) the number of pupa, and d) the number of 
adults are expected to be 0.0. 
Result: The results from the program match to the expectation. 
2) The initial allele frequencies of the resistant alleles are 0.0 
Expectation: The resistant-allele frequencies of a) eggs, b) larvae, c) pupa, and d) adults are 0.0  
Result: The results from the program match to the expectation. 
3) The initial allele frequencies of the resistant alleles are 1.0. 
Expectation: The resistant-allele frequencies of a) eggs, b) larvae, c) pupa, and d) adults are 1.0.  
Result: The results from the program match to the expectation. 
4) The initial allele frequencies of the resistant alleles are 0.5. 
Expectation: The resistant-allele frequencies of a) eggs, b) larvae, c) pupa, and d) adults are 0.5. 
The genotypic frequencies are expected to follow Hardy-Weinberg equilibrium. 
Result: The results from the program match to the expectation. 
5) The second-generation-female moths do not oviposit, but 40 first-generation eggs are 
added only on the first day in the simulation.  
Expectation: a) The cumulative number of adults at the end of the first year is expected to be 40 
(20 male moths and 20 female moths). b) first instars, second instars, third instars, fourth instars, 
fifth instars, pupa, and adults first appear on day 8, 14, 18, 22, 28, 42 and 56 respectively.  
Result: The results from the program match to the expectation. 
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6) 95% of eggs are fertile, and 95% of fertile eggs hatch. 
Expectation: a) The cumulative number of adults at the end of the first year is expected to be 
36.1 (= 40 × 0.95 × 0.95). 
Result: The results from the program match to the expectation. 
7) 100% of first-to-fifth instars diapause. 
Expectation: a) no adults are expected to appear at the end of the first year in the simulation. b) 
All second-to-fifth-instar larvae are in diapause and mature to fifth instar. 
Result: The results from the program match to the expectation. 
8) 50% of larvae move off of natal plant and 50% moving larvae die during the inter-plant 
movement in the field with a block refuge. This was also repeated with simulation of a seed 
mixture.  
Expectation: a) The cumulative number of adults is expected to be 30 (= 40 × (1 – (0.5 × 0.5)). 
Result: The results from two simulations match the expectation. 
9)  There is no refuge. The toxin-survival rates for all genotypes on Bt plants are 0.0, and 
the toxin-survival rates for all genotypes on non-Bt plants are 1.0. 
Expectation: a) No second-generation adults are expected to appear. 
Result: The results from the program match to the expectation. 
10) The initial genotypic frequencies of the homozygous resistant and the homozygous 
susceptible are 0.5 and 0.5, respectively, in the 40 first-generation eggs added only on the first 
day in the simulation.  
Expectation:  a) The genotypic frequency of the heterozygotes of second-generation eggs in the 
first year is 0.5. 
Result: The results from the program match to the expectation. 
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11) The number of overwintering fifth instars at the end of the first year is 40 (20 of the 
homozygous susceptible + 20 of the homozygous resistant). b) The first-generation pupal 
survival rate is 1.0. c) All first-generation eggs are oviposited on the first day of the second year. 
Expectation: a) The number of the first generation, heterozygous eggs in the second year of the 
simulation is 72 (= 40 × 0.5 (=sex ratio) × 0.18 (= overwintering survival rate) × 1.0 (= the 
survival rate for the pupal stage) × 20 (eggs)).  
Result: The results from the program match to the expectation. 
12) The second-generation-female moths do not oviposit. The first generation eggs are 
distributed by The function (1) 
 𝑝𝑟𝑜𝑏𝑖𝑡𝑡 =  −30.809 + 12.071 × log10(𝐷𝐷(𝑡)  × 1.8)  𝑓𝑜𝑟 330 ≤ 𝐷𝐷𝑡 ≤ 750    (1) 
𝑝𝑟𝑜𝑏𝑖𝑡𝑡 is the number of the first generation eggs laid per day. The temperature pattern, which is 
the 30-yr normal maximum and minimum temperatures for Champaign-Urbana, IL, is used to 
calculate DD(t), degree day, at each day. 100% of eggs hatch and the survival rate for eggs is 1.0. 
Expectation: a) 96.3928% of the initial number of eggs are laid. b) The greatest proportion of 
eggs is laid on the day 170.  
Result: The results from the program match to the expectation. 
13) The toxin-survival rates are 0.000001 for all genotypes in first instar. The proportion of 
refuge is 0.0.  
Expectation: The total number of adults is 0.00004 at the end of simulation. 
Result: The results from the program match to the expectation. 
14) Larvae do not move to the plant next to natal plant, but 100% of larvae move to ears. The 
survival rate of first instars in ears is 0.000001.  
Expectation: a) 100% of fifth-instars are in ears. b) The total number of adults is 0.00004. 
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Result: The results from the program match to the expectation. 
15) The toxin-survival rates are 0.000001 for all genotypes. The proportion of refuge is 0.0. 
Larvae do not move to the plant next to natal plant. For all genotypes, frcD(g), which is fraction 
for developmental rate for genotype (g), is 0.5. 
Expectation: The adults appear on the day 109, and the number of adults is 0.00004 at the end of 
simulation. 
Result: The results from the program match to the expectation. 
16) All first-generation eggs are homozygous susceptible. Ears are available throughout the 
simulation period. All larvae move to ears throughout the simulation period. 50% of ears in 
refuge block are fertilized by Bt pollen. The proportion of refuge is 0.5. Larvae do not move to 
the plant next to natal plant. The toxin-survival rates in ear of the homozygous-susceptible-first 
instars feeding on Bt ear fertilized by Bt pollen, Bt ear fertilized by non-Bt pollen, non-Bt ear 
fertilized by Bt pollen and non-Bt ear fertilized by non-Bt pollen are 0.052, 0.052, 0.600 and 
1.000, respectively. The survival rate of the homozygous susceptible in ears in refuge is 
stoxAnthesis(g).  
𝑠𝑡𝑜𝑥𝐴𝑛𝑡ℎ𝑒𝑠𝑖𝑠(𝑔) =  𝑃𝑟𝑜𝑝𝐶𝑟 ×  0.6 +  (1.0 –  𝑃𝑟𝑜𝑝𝐶𝑟) ×  1.0   (2)  
PropCr is the proportion of refuge contaminated by Bt pollen.  
Expectation: The number of adults on the day 56 is 17.04 (= 40 * [( 0.5 * 0.052 ) + 0.5 * ( 0.5 * 
0.6 + 0.5 * 1.0 ) ] ). 
Result: The results from the program match to the expectation. 
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APPENDIX B: VERIFICATION OF THE DIABROTICA VIRGIFERA VIRGIFERA 
MODEL SOFTWARE 
 
The Diabrotica virgifera virgifera computer program written in C++ was verified by 
analyzing results with sets of parameters. When some parameters are changed, the rest of the 
parameters remain at their default setting. 
 
Default Setting for Verification 
The case that transgenic corn expresses one Bt toxin, One-Bt-toxin case, and the case that 
transgenic corn expresses two Bt toxins, two-Bt-toxin case, were checked for each process for 
verification. The proportion of non-transgenic corn plants is 0.0. The initial number of eggs is 
100. The initial frequency of resistant allele is 0. The time of beetle emergence in Bt corn is not 
shifted. The overwintering-survival rate is 0.5. Toxin-survival rates for all genotypes are 1.0. z, 
which determines the distribution of toxin-survival rate over the two sexes, is 0. Simulations run 
for 1 year. 
 
Tests for Verification 
For each test, the change in parameters, expected results, and results from the simulation 
are written below. 
1) The initial number of eggs is 0.0. 
Expectation: The number of a) eggs, b) larvae, and c) the number of adults are expected to be 0.0. 
Result: The results from the program match to the expectation. 
2) The initial allele frequencies of the resistant alleles are 0.0 
189 
 
Expectation: The resistant-allele frequencies of a) eggs, b) larvae, and c) adults are 0.0  
Result: The results from the program match to the expectation. 
3) The initial allele frequencies of the resistant alleles are 1.0. 
Expectation: The resistant-allele frequencies of a) eggs, b) larvae, and c) adults are 1.0.  
Result: The results from the program match to the expectation. 
4) The initial allele frequencies of the resistant alleles are 0.5. A simulation runs for 2 years. 
Expectation: The resistant-allele frequencies of a) eggs, b) larvae, and d) adults are 0.5 for 2 
years. The genotypic frequencies are expected to follow Hardy-Weinberg equilibrium. 
Result: The results from the program match to the expectation. 
5) The initial frequency of the resistance allele is 0. The minimum-toxin-survival rate, 
minStox, is 0.5. 
Expectation: The number of larvae is 25 (= 100 * 0.5 (overwintering-survival rate) * 0.5 (toxin-
survival rate)).  
Result: The results from the program match to the expectation. 
6) There is a 5-day maturation delay in the male and female beetles from Bt corn (maxDel 
male = maxDel female = 5). 
Expectation: The mean of the time of emergence of male beetles from Bt corn is 206.91 Julian 
day (= 201.91 + 5). The mean emergence time of female beetles from Bt corn is 214.83 Julian 
day (=209.83 + 5). 
Result: The results from two simulations match the expectation. 
7) There is a 5-day early emergence in the male and female beetles from Bt corn (maxDel 
male = maxDel female = -5). 
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Expectation: The mean emergence time of male beetles from Bt corn is 196.91 Julian day (= 
201.91 - 5). The mean of the time of emergence of female beetles from Bt corn is 204.83 Julian 
day (=209.83 - 5). 
Result: The results from two simulations match the expectation. 
8) The proportion of non-Bt corn is 1.0 (propPlt non-Bt = 1, propPlt Bt = 0). The minimum-
toxin-survival rate is 0. 
Expectation: The number of larvae is 50 (=100 × 0.5 (overwintering-survival rate) × 1 (the 
proportion of refuge) × 1 (toxin-survival rate)).  
Result: The results from the program match to the expectation. 
9)  The initial frequency of the resistance allele is 0.00001. Transgenic corn expresses one 
Bt toxin. The proportion of refuge is 0 (propPlt non-Bt = 0, propPlt Bt = 1). The dominance of the 
resistance allele is 0 (h = 0). The minimum-toxin-survival rate is 0 (minStox = 0). The maximum-
toxin-survival rate is 1 (maxStox = 1). A simulation runs for 2 years. 
Expectation:  The frequency of the resistance allele is 1 in the second year. 
Result: The results from the program match to the expectation. 
10) The initial frequency of the resistance allele is 0.00001. All transgenic corn plants 
express two Bt toxins. The proportion of non-Bt corn is 0 (propPlt non-Bt = 0, propPlt Bt =1). The 
dominance of the resistance allele is 0 (h = 0). The minimum-toxin-survival rate is 0 (minStox = 
0). The maximum-toxin-survival rate is 1 (maxStox = 1). A simulation runs for 2 years. 
Expectation:  The frequency of the resistance allele is 1 for the second year. 
Result: The results from the program match to the expectation. 
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11)  z is 0. The initial frequency of the resistance allele is 0. All transgenic corn plants 
express one Bt toxin. The proportion of refuge is 0 (propPlt non-Bt = 0, propPlt Bt = 1). The 
minimum-toxin-survival rate is 0.01 (minStox = 0.01). 
Expectation: The proportion of female larvae after toxin mortality is 0.5.  
Result: The results from the program match to the expectation. 
12) z is -0.5. The initial frequency of the resistance allele is 0. All transgenic corn plants 
express one Bt toxin. The proportion of refuge is 0 (propPlt non-Bt = 0, propPlt Bt = 1). The 
minimum-toxin-survival rate is 0.01 (minStox = 0.01). 
Expectation: The proportion of female larvae after toxin mortality is 0.75.  
Result: The results from the program match to the expectation. 
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APPENDIX C: VERIFICATION OF THE CALLOSOBRUCHUS MACULATUS MODEL 
SOFTWARE 
The C. maculatus computer program written in C++ was verified by analyzing results 
with sets of parameters. When some parameters were changed, the rest of the parameters 
remained at their default setting. 
 
Default Setting for Verification 
Transgenic cowpea expressing a MDT, one expressing an insecticide, and pyramided 
cowpea expressing a MDT and an insecticide were checked for each process for verification. The 
proportion of non-transgenic cowpea was 0.2. 100 flightless-form adults were added to the 
storage only at the first time step on day 75 in the simulation. The initial genotypic frequencies 
of adults followed a Hardy-Weinberg distribution. The initial frequencies of the resistant alleles 
at the two loci were 0.0. Temperature was 30°C. Egg-hatching rate was 1.0. The natural-survival 
rates of all life stages were 1.0. There was no density-dependent mortality. The proportion of 
flight-form adults moving from the storage to the field (fcol) is 0. The parameters not mentioned 
in this section remained the same as described in the methods section. Simulation last for 2 years. 
 
Tests for Verification 
For each test, the change in parameters, expected results, and results from the simulation 
are written below. 
1) The initial number of adults is 0.0. 
Expectation: The number of a) eggs, b) larvae, c) the number of pupa, and d) the number of 
adults are expected to be 0.0. 
193 
 
Result: The results from the program match to the expectation. 
2) The initial allele frequencies of the resistant alleles are 0.0 
Expectation: The resistant-allele frequencies of a) eggs, b) larvae, c) pupa, and d) adults are 0.0  
Result: The results from the program match to the expectation. 
3) The initial allele frequencies of the resistant alleles are 1.0. 
Expectation: The resistant-allele frequencies of a) eggs, b) larvae, c) pupa, and d) adults are 1.0.  
Result: The results from the program match to the expectation. 
4) The initial allele frequencies of the resistant alleles are 0.5. The proportion of refuge is 
100%. 
Expectation: The resistant-allele frequencies of a) eggs, b) larvae, c) pupa, and d) adults are 0.5. 
The genotypic frequencies are expected to follow Hardy-Weinberg equilibrium. 
Result: The results from the program match to the expectation. 
5) 100 adults in the storage are added only at the first time step on day 75 in the simulation. 
Transgenic cowpea encodes a MDT. The proportion of refuge is 100%. 
Expectation: Eggs, larvae, and pupae first appear on day 75.1, 78.9 and 89.4, respectively.  
Result: The results from the program match to the expectation.  
6) 100 adults in the storage are added only at the first time step on day 75 in the simulation. 
Transgenic cowpea encodes only a MDT causing 50% delay in maturation. The proportion of 
refuge is 0%. 
Expectation: Eggs, larvae, and pupae first appear on day 75.1, 78.9 and 94.7, respectively.  
Result: The results from the program match to the expectation. 
7) Egg-hatching rate is determined by equation 16. 
𝑒𝑔𝑔ℎ𝑎𝑡𝑐ℎ(𝑡𝑚𝑝) = (0.0198 × 𝑡𝑚𝑝) − 0.0955    [16] 
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Expectation: The egg-hatching rate is 0.4985. 
Result: The results from the program match to the expectation. 
8) The proportion of refuge is 0%. Transgenic cowpea encodes only an insecticide. The 
toxin-survival rates for all genotypes on Bt cowpea are 0.0, and the toxin-survival rates for all 
genotypes on non-Bt plants are 1.0. 
Expectation:  a) No adults are expected to newly emerge. 
Result: The results from the program match to the expectation. 
9)  The initial genotypic frequency of the homozygous resistant (R1R1) and the 
homozygous susceptible (S1S1) are 0.5 and 0.5, respectively. The 100 adults added to the 
storage only on the first day in the simulation.  
Expectation:  a) The genotypic frequency of the heterozygote eggs (R1S1) is 0.5. 
Result: The results from the program match to the expectation. 
10)  The first generation adults are distributed by equation 27. 
𝑎𝑑𝑡𝐼𝑛𝑠𝑡𝑟𝑔,𝑔,𝑥,𝑓𝑙𝑙= 5271.68 × 𝑃(𝑔) × 0.5× �𝐹(𝑡, (75 + 19.98), 3.512)
− 𝐹�(𝑡 − ∆𝑡), (75 + 19.98), 3.512��     𝑖𝑓 75 ≤ 𝑡 < 115       [27] 
Expectation: a) over 99.9% of the first generation adults emerge from day 75 to 115. b) The 
greatest proportion of eggs is laid on the day 95.  
Result: The results from the program match to the expectation. 
11)  Transgenic cowpea expresses only an insecticide. The toxin-survival rates are 10-3 for all 
genotypes. The proportion of refuge is 0%. The egg-hatching rate is calculated by equation 15. 
The natural-survival rate for larvae is 0.64. There is no density-dependent mortality. 
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Expectation: By day 90, the total number of pupae is 1.074 (=100 (the number of adults) × 0.5 
(the proportion of females) × 67.33 (the number of eggs laid by a female adult in the lifetime) × 
0.4985 (The egg-hatching rate at 30°C) × 0.001 (the toxin-survival rate) × 0.64 (the natural-
survival rate for larvae)). 
Result: The results from the program match to the expectation. 
12) The toxin-survival rates are 10-3 for all genotypes. Maturation-delay-survival rates for all 
genotypes are 10-1. Transgenic cowpea expresses a MDT and an insecticide. msf mdt,S1S1 is 1.0. 
Refuge is 0%. The egg-hatching rate is calculated by equation 15. The natural-survival rate for 
larvae is 0.64. There is no density-dependent mortality. 
Expectation: By day 97, the total number of pupae is 0.1074 (=100 (the number of adults) × 0.5 
(the proportion of females) × 67.33 (the number of eggs laid by a female adult in the lifetime) × 
0.4985 (The egg-hatching rate at 30°C) × 0.001 (the toxin-survival rate) × 0.1 (the maturation-
delay-survival rate) × 0.64 (the natural-survival rate for larvae)). 
Result: The results from the program match to the expectation. 
13) Density-dependent survival rate for larvae is calculated by equation 19. The egg-hatching 
rate is calculated by equation 15. The natural-survival rate for larvae is 0.64. The proportion of 
refuge is 100%. No flightless-form adults are added to the storage only at the first time step on 
day 75 in the simulation. 2×107 eggs are added to the storage only at the second time step on day 
75 in the simulation. 
𝑑𝑑𝑠𝑙,𝑠 =  1
1+�0.003972× 𝑐𝑙𝑙,𝑠 ×15
1879699×𝑝𝑟𝑜𝑝𝐶𝑠�1.9503            [19] 
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Expectation: 5770882 pupae (=2×107 (eggs) × 0.4985 (The egg-hatching rate at 30°C) × 
0.904414 (the density-dependent-survival rate) × 0.64 (the natural-survival rate for larvae)) 
appear in the storage on day 89.4. 
Result: The results from the program match to the expectation. 
14) Density-dependent survival rate for larvae is calculated by equation 19. The egg-hatching 
rate is calculated by equation 15. The natural-survival rate for larvae is 0.64. The proportion of 
refuge is 100%. No flightless-form adults are added to the storage only at the first time step on 
day 75 in the simulation. 2×107 eggs are added to the storage only at the second time step on day 
75 in the simulation. Equation 20 and 21 determined the proportions of flight-form male and 
female beetles, respectively. Flightless forms were the additive inverse. Female adults do not 
oviposit. 
𝑚𝑜𝑟𝑚𝑎𝑙𝑒 = 0.0557 × 𝑐𝑙𝑙,𝑠1879699 × 𝑝𝑟𝑜𝑝𝐶𝑠                 [20] 
𝑚𝑜𝑟𝑓𝑒𝑚𝑎𝑙𝑒 = 0.0539 × 𝑐𝑙𝑙,𝑠1879699 × 𝑝𝑟𝑜𝑝𝐶𝑠              [21] 
Expectation: The total number of male flight-form adults in the storage per year is 843935.9. The 
total number of female flight-form adults in the storage per year is 816663.3. 
Result: The results from the program match to the expectation. 
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APPENDIX D: VERIFICATION OF THE DIATRAEA SACCHARALIS MODEL 
SOFTWARE 
The Diatraea saccharalis computer program written in C++ was verified by analyzing 
results with sets of parameters. When some parameters are changed, the rest of the parameters 
remain at their default setting. 
 
Default Setting for Verification 
The case of transgenic corn expressing a single Bt protein and the case of transgenic corn 
expressing two Bt proteins were checked for verification. The proportion of non-transgenic corn 
plants is 0.0. The initial number of the first-generation moths is 0. The initial frequencies of 
resistant alleles are 0. The maturation delay for larvae and pupae in Bt corn does not occur. 
Toxin-survival rates for all genotypes are 1.0. Cross-resistance does not occur 
(CR1=CR2=CR3=CR4=0). The proportion of corn area is 100%. Natural-survival rates are 1. 
Density-dependent mortality does not occur. Overwintering-survival rate is 1. Moths do not 
move between fields. Simulations run for 1 year. 
 
Tests for Verification 
For each test, the change in parameters, expected results, and results from the simulation 
are written below. 
1) The initial number of the first-generation moths is 0.0. 
Expectation: The number of a) eggs, b) young larvae, c) old larvae, d) pupae, and e) adults are 
expected to be 0.0. 
Result: The results from the program match to the expectation. 
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2) The number of the first-generation moths is 100. The initial allele frequencies of the 
resistant alleles are 0.0. 
Expectation: The resistant-allele frequencies of a) eggs, b) young larvae, c) old larvae, d) pupae, 
and e) adults are 0.0.  
Result: The results from the program match to the expectation. 
3) The number of the first-generation moths is 100. The initial allele frequencies of the 
resistant alleles are 1.0. 
Expectation: The resistant-allele frequencies of a) eggs, b) young larvae, c) old larvae, d) pupae, 
and e) adults are 1.0. 
Result: The results from the program match to the expectation. 
4) The number of the first-generation moths is 100. The initial frequencies of the resistant 
alleles are 0.5. 
Expectation: The resistant-allele frequencies of a) eggs, b) young larvae, c) old larvae, d) pupae, 
and e) adults are 0.5. The genotypic frequencies are expected to follow Hardy-Weinberg 
equilibrium. 
Result: The results from the program match to the expectation. 
5) The output from egg stage in the corn patch at the first time step on day 120 is 100. The 
initial frequencies of the resistance alleles are 0. The proportion of refuge is 0. 𝑆𝑡𝑜𝑥1𝐵𝑡_𝑐𝑛,𝑆1𝑆1 is 
0.5. Transgenic corn expresses a single Bt protein. Female moths do not oviposit. 
Expectation: The cumulative number of larvae is 50 (= 100 × 0.5) at the end of the year.  
Result: The results from the program match to the expectation. 
6) The output from egg stage in the corn patch at the first time step on day 120 is 100. The 
initial frequencies of the resistance alleles are 0. The proportion of refuge is 0. Transgenic corn 
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expresses two Bt proteins.  𝑆𝑡𝑜𝑥1𝐵𝑡_𝑐𝑛,𝑆1𝑆1 and 𝑆𝑡𝑜𝑥2𝐵𝑡_𝑐𝑛,𝑆2𝑆2 are 0.5. Female moths do not 
oviposit. 
Expectation: The cumulative number of larvae is 25 (=100×0.5×0.5) at the end of the year.  
Result: The results from the program match to the expectation. 
7) The output from egg stage in the corn patch at the first time step on day 120 is 100. The 
initial frequencies of the resistance alleles are 1. The proportion of refuge is 0. 𝑆𝑡𝑜𝑥2𝐵𝑡_𝑐𝑛,𝑅1𝑅1 
and 𝑆𝑡𝑜𝑥1𝐵𝑡_𝑐𝑛,𝑅2𝑅2 are 0.5. CR1 and CR3 are 0.5. Transgenic corn expresses two Bt proteins. 
Female moths do not oviposit. 
Expectation: The cumulative number of larvae is 56.25 
(=100×[{0.5+(0.5×0.5)}×{0.5+(0.5×0.5)}]) at the end of the year.  
Result: The results from the program match to the expectation. 
8) The output from egg stage in the corn patch at the first time step on day 120 is 100 
individuals heterozygous at the two loci (R1S1|R2S1). The proportion of refuge is 0. 
𝑆𝑡𝑜𝑥2𝐵𝑡_𝑐𝑛,𝑅1𝑅1 and 𝑆𝑡𝑜𝑥1𝐵𝑡_𝑐𝑛,𝑅2𝑅2 are 0.5. h1 and h2 are 0.5. 𝑆𝑡𝑜𝑥2𝐵𝑡_𝑐𝑛,𝑆1𝑆1 and 
𝑆𝑡𝑜𝑥1𝐵𝑡_𝑐𝑛,𝑆2𝑆2 are 0.1. CR2 and CR4 are 0.1. Transgenic corn expresses two Bt proteins. 
Female moths do not oviposit. 
Expectation: The cumulative number of larvae is 13.69 
(=100×[{0.3+(0.7×0.1)}×{0.3+(0.7×0.1)}]) at the end of the year.  
Result: The results from the program match to the expectation. 
9) The number of overwintering larvae in the corn patch is 100. Overwintering-survival rate 
is 0.15. Natural-survival rate for pupae is 0.96. Sex ratio is 1. Female moths do not oviposit.  
Expectation: The mean of emergence of the first-generation moths is 120. Approximately 7.2 
male moths emerge in the corn patch by day 180. 
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Result: The results from the program match to the expectation. 
10) The areas of the corn, sugarcane, sorghum, and rice patches are 25ha. 100 first-
generation-male moths emerge only in the corn patch on day 120. The proportion of moths 
moving from one patch to another patch per day (Mv) is 0.01. 
Expectation: The number of the first-generation-male moths in the sorghum patch at the 
beginning of day 121 is 1. 
Result: The results from the program match to the expectation. 
11) 100 first-generation moths emerge only in the corn patch on day 120. Sex ratio is 1. The 
initial genotypic frequencies of moths homozygous resistant at the first locus and those 
homozygous susceptible at the first locus are 0.5 and 0.5, respectively. 
Expectation: The genotypic frequency of eggs homozygous at the first locus is 0.5 on day122. 
Result: The results from the program match to the expectation. 
12) 100 first-generation moths emerge only in the corn patch on day 120. Sex ratio is 1.The 
natural-survival rate for young larvae is 0. The proportion of moths moving from one patch to 
another patch per day (Mv) is 0. 
Expectation: The total number of eggs laid by moths in the corn patch is 35710 (=100×0.5×714.2) 
by day 125. 
Result: The results from the program match to the expectation. 
13) The output from young-larva stage in the corn patch is 100 at the first time step on day 
120. The proportion of daylight hours per day is 0.5. Temperature is 25°C. The survival rate for 
young larvae in the corn area is 0.26. 
Expectation: The number of diapausing larvae in the corn patch is 16.263 (=100*0.26*0.6255) 
on day 121. 
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Result: The results from the program match to the expectation. 
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